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also	 become	 really	 good	 friends	 outside	 of	 work.	 	 Great	 appreciation	 to	 Dr.	

























recombined	 with	 responsive	 epithelium.	 It	 is	 shown	 that	 although	 unable	 to	
initiate,	cultured	embryonic	DMCs	do	not	lose	their	ability	to	contribute	to	tooth	




3D	 cultured	 and	 co-cultured	 cells	 failed	 to	 initiate	 odontogenesis.	 Embryonic	
DMCs	 cultured	 for	 short	 periods	 (within	 48	 hours)	 maintained	 tooth	 inducing	
ability.	Gene	expression	profiling	was	carried	out	with	RNA	sequencing	data	of	
cultured	DMCs	collected	at	different	time	points	to	study	the	molecular	basis	of	
the	 progressively	 reduced	 inductivity.	 In	 combination	 with	 gene	 expression	
comparisons	between	epithelial	 odontogenic	 and	non-odontogenic	 tissues,	 the	



























































































































































































































































































































































































































which	 differentiate	 into	 ameloblasts	 to	 form	 enamel,	 and	 mesenchymal	 cells	
derived	 from	 cranial	 neural	 crest	 (ectomesenchyme)	 which	 differentiate	 into	
odontoblasts	to	form	dentin	and	all	other	cells	to	form	the	rest	of	a	tooth	such	as	
pulp,	 cementum,	periodontal	 ligament	and	even	alveolar	bone.	 Sequential	 and	
reciprocal	interactions	between	the	two	participants	throughout	the	process	are	
the	key	drive	and	regulation	of	tooth	formation.	 	 	 	
	





to	 mesenchyme,	 the	 induced	 odontogenic	 mesenchyme	 sends	 signals	 back	 to	
induce	epithelium	to	form	dental	placodes.	The	following	phase	is	morphogenesis	
in	 which	 epithelium	 further	 invaginates	 into	 the	 underlying	 mesenchyme	 and	
forms	 a	 “bud”,	 accordingly	 this	 is	 called	 “bud	 stage”,	while	mesenchymal	 cells	
condense	 around	 the	 bud,	 where	 dynamic	 changes	 of	 shape	 and	 size	 can	 be	
observed	in	the	cells	at	the	condensed	mesenchyme	area	(Mammoto	et	al.,	2011).	









ameloblasts	 and	 odontoblasts	 respectively	 and	 subsequently	 (by	 the	 late	 bell	
stage)	 form	 enamel	 and	 dentin	 through	 mineralization.	 Location	 related	
heterogeneity	can	be	observed	in	the	mesenchymal	cells	in	the	tooth	germ:	cells	












tooth	 germ	 develops	 with	 the	 same	 process	 after	 the	 deciduous	 tooth	 germ	
completely	 detached	 from	 the	 dental	 lamina.	 (Figure	 I-1.	 upper	 diagram)	 In	
addition,	 the	 extracellular	 matrix	 (ECM)	 layer,	 whose	 main	 components	 are	
laminin,	 collagen	 IV,	 nidogen	 and	 sulfated	 proteoglycan,	 and	 the	 basement	






matrices	are	dramatically	 changed.	Type	 IV	collagen	and	 laminin	molecules	are	
















Most	 of	 the	 paracrine	 signal	molecules	mediating	 the	 epithelium-mesenchyme	
interactions	 during	 odontogenesis	 belong	 to	 four	 conserved	 protein	 families:	







involving	dysgenesis	 of	 at	 least	 two	ectodermal	 derivatives,	 such	 as	hair,	 nails,	
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teeth,	 and	 sweat	 glands,	 which	 highlights	 a	 common	 pathway	 for	 appendage	
formation	(Salas-Alanis	et	al.,	2015).	The	genes	regulated	by	these	signals	encode	
growth	 factors,	 transcription	 factors,	 signals,	 signal	 receptors	which	 render	 the	









induced	 odontogenic	 mesenchyme	 express	 transcription	 factors	 such	 as	 LIM	
homeodomain	 genes	 Lhx6,	 Lhx7,	 BarH-like	 homeobox	 1	 (Barx1),	 distal	 less	
homeobox	 genes	Dl1,	 Dl2,	 Dl5,	 Dl6,	paired	 box	 gene	 9	 (Pax9),	Msh	 homeobox	
genes	Msx1,	Msx2,	GLI-Kruppel	family	member	Gli1,	Gli2,	Gli3,	and	also	reciprocal	
signals	including	ACTIVIN,	BMP4	and	FGFs	are	sent	back	to	epithelium	to	promote	
the	 formation	 of	 dental	 placodes.	 During	 the	 morphogenesis	 stage,	 dental	
placodes	 (epithelium)	 express	 transcription	 factors	 such	 as	 Msx2,	 lymphoid	
enhancer	binding	factor	1	(Lef1)	and	p21	also	known	as	cyclin-dependent	kinase	
inhibitor	1A	(CDKN1A)	and	signal	receptor	Edar.	Signal	molecules	involving	BMP4,	












Gli3,	 Lef1,	 and	 Runx2	 leads	 to	 hypodontia.	 Follistatin,	 Sprouty	 and	 Sclerostin	






Upper	 diagram	 shows	 the	 stages	 of	 tooth	 development,	 deficiency	 of	 certain	
genes	can	lead	to	arrest	of	tooth	development	at	different	stages.	Lower	diagram	
illustrates	 the	 simplified	 signalling	 networks	 of	 odontogenesis,	 boldfaces	
represent	 signalling	 molecules	 and	 italics	 represent	 the	 transcription	 factors	











the	 location	 of	 the	 missing	 tooth	 (Ikeda	 et	 al.,	 2009),	 or	 generation	 of	 a	
bioengineered	 tooth	 unit	 in	 vitro	 composed	 of	 a	 mature	 tooth,	 periodontal	
ligament	and	alveolar	bone	following	surgical	engraftment	(Oshima	et	al.,	2011).	
The	 developed	 and	 erupted	 tooth	 from	 the	 bioengineered	 primordium	 or	 the	




Suitable	 adult	 sources	 of	 epithelial	 and	 mesenchymal	 cells	 are	 expanded	 and	
combined	to	form	an	early	stage	tooth	primordium	which	is	subsequently	either	





Scaffold-based	 tooth	 regeneration	 is	 an	 approach	 seeding	 single	 cells	 on	 pre-
designed	biodegradable	dental	scaffolds	with	correct	morphology.	Scaffolds	can	
provide	 environment	 for	 guiding	 and	 assisting	 the	 generation	 of	 extracellular	
matrix	(ECM)	which	can	mimic	the	natural	dental	ECM	to	enable	cell	adhesion	and	
differentiation.	 This	 method	 can	 be	 used	 to	 generate	 tissues	 with	 a	 uniform	
cellular	 distribution	 and	 has	 been	 applied	 in	 clinical	 applications	 of	 bone	 and	
cartilage	regenerative	therapy.	However,	so	far	this	approach	is	not	satisfying	for	
whole	tooth	bioengineering,	given	the	much	more	complex	structures.	In	addition	


























ES	 cells	 are	 pluripotent	 stem	 cells	 derived	 from	 the	 inner	 cell	 mass	 of	 the	
blastocyst	which	forms	at	an	early	stage	of	embryo	development,	approximately	







into	 several	 kinds	 of	 cell	 types,	 e.g.	 neural,	 cardiac,	 endothelial	 (vascular),	
pancreatic	 (Islet-like),	hepatic,	hematopoietic	and	bone	cells	 (Yu	and	Thomson,	
2010);	in	oral	and	maxillofacial	field,	they	have	been	used	in	the	regeneration	of	
alveolar	 bone	 and	 periodontal	 tissue	 (Kang	 et	 al.,	 2008,	 Inanc	 et	 al.,	 2009).	
Specially	in	tooth	regeneration,	(Ning	et	al.,	2010)	provides	evidence	that	ES	cells	





cells,	 they	 expressed	 a	 combination	of	 three	 genes:	Msx1,	 Lhx7,	Pax9	which	 is	
unique	 to	 odontogenic	 mesenchymal	 cells	 indicating	 they	 are	 responsive	 to	
odontogenic	signals;	moreover,	although	the	recombinations	formed	only	fragile	






concerns	 for	 using	 human	 embryos,	 immune	 rejection	 caused	 by	 allogeneic	



















tooth	germ	cells	are	 the	most	widely	used	 fetal	 stem	cells.	Mouse	E14.5	molar	
tooth	rudiments	gave	rise	to	normal	tooth	development	including	eruption	after	
being	transferred	into	the	soft	tissue	of	the	diastema	of	the	maxilla	of	adult	mice	







since	 they	 are	 obtained	 postnatally	 which	 avoids	 ethical	 contention.	 (Li	 et	 al.,	
2013a)	 demonstrated	 that	 human	 umbilical	 mesenchymal	 stem	 cells	 can	
differentiate	into	odontoblast-like	cells	when	cultured	with	conditioned	medium	



















Mesenchymal	 Stem	 Cells	 (MSCs)	 were	 first	 described	 as	 the	 adherent,	
fibroblastoid	cell	population	isolated	from	adult	bone	marrow	which	can	generate	
multiple	 connective	 tissue	 cell	 types,	 thus	 Marrow	 Stromal	 Cells	 was	 an	
interchangeable	 name	 for	 them	 (Caplan,	 1994).	 Later	 they	were	 discovered	 in	
many	other	tissue	including	dental	tissue;	moreover	evidence	showed	that	they	
can	 even	 transdifferentiate	 into	 epithelial	 and	 neuroecdermal	 cell	 lineages,	 so	








compartment:	 expression	 of	 CD73,	 CD90	 and	 CD105,	 which	 were	 selected	 to	
include	 surface	 antigens	 that	 are	 absent	 from	 most	 hematopoietic	 cells;	 lack	
expression	of	CD34,	CD45,	CD14	or	CD11b,	CD79a	or	CD19	and	HLA-DR	surface	
molecules,	which	were	selected	to	include	surface	antigens	that	are	expressed	by	
hematopoietic	 cells	 (Dominici	 et	 al.,	 2006).	 However,	 cell	 populations	 from	









of	 producing	 “sporadic	 but	 densely	 calcified	 nodules”	 in	 vitro	 and	 generating	
dentin-pulp	 like	structure	 in	vivo	 (Gronthos	et	al.,	2000).	Subsequent	studies	of	
DPSCs	 revealed	 that	 they	 can	 also	 differentiate	 into	 odontoblasts,	 adipocytes,	
chondrocytes,	osteoblasts,	endotheliocytes	and	even	neurons	which	made	them	
not	only	a	candidate	stem	cell	source	for	tooth	regeneration	but	also	for	other	






had	 similar	multipotency	 to	DPSCs	while	after	 in	 vivo	 transplantation,	 they	can	
form	dentin,	bone	and	dental	pulp-like	structures	but	not	dentin-pulp	complexes.	










tissue	 including	cementum,	periodontal	 ligament	and	alveolar	bone	 (Seo	et	al.,	
2004).	 The	 location	 from	 where	 PDLSCs	 originated	 might	 affect	 their	
Chapter	I.	General	Introduction	
	 32	




Dental	 follicle	 stem	 cells	 (DFSCs),	 Stem	 cells	 from	 apical	 papilla	 (SCAPs)	 and	
Tooth	germ	progenitor	cells	(TGPCs)	 	
Dental	MSCs	can	also	be	found	in	developing	dental	tissue	such	as	apical	papillae,	
dental	 follicles	 and	 tooth	 germ	 mesenchymes	 which	 can	 be	 acquired	 from	
developing	third	molar	tooth	germ	at	different	stages	in	human	adults.	Since	third	





root.	 SCAPs	 demonstrated	 higher	 expansion	 ability	 than	 DPSCs	 with	 similar	
multipotency	 and	 produced	 dentin	 and	 periodontal	 ligament	 when	 co-
transplanted	with	DPSCs	into	the	tooth	sockets	of	minipigs	(Sonoyama	et	al.,	2006).	









above,	 stem	 cells	 derived	 from	 developing	 tooth	 germs	 were	 considered	 to	
possess	 embryonic-like	 properties	 such	 as	 high	 expansion	 capacity	 and	 greater	
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In	 human,	 no	 corresponding	 adult	 EpSCs	 exist	 since	 enamel-producing	
ameloblasts	 were	 lost	 after	 tooth	 eruption	 (Smith	 and	 Warshawsky,	 1977).	
However,	 epithelial	 rests	of	Malassez	 (ERMs),	 the	dormant	epithelial	 remnants	
during	 root	 development,	 can	 form	 enamel-like	 tissue	 when	 recombined	 with	
primary	 dental	 pulp	 cells	 (Shinmura	 et	 al.,	 2008).	 Furthermore,	 a	 recent	 study	
showed	that	ovine	ERMs	have	a	unique	EpSC	population	that	can	be	induced	to	





cells	 are	 not	 primary	 consideration	 for	 regenerative	 dentistry.	 However,	 bone	
marrow	 derived	 MSCs	 (BMSCs)	 were	 demonstrated	 to	 be	 able	 to	 respond	 to	
odontogenesis	inductive	signals	sent	from	mouse	E10	tooth	germ	epithelial	cells	
and	formed	tooth	when	the	recombination	of	the	two	group	of	cells	transferred	























of	 tumorigenesis	 because	 of	 the	 retrovirus	 vectors,	 by	 which	 the	 factors	 are	
delivered	to	the	aim	cells	can	trigger	oncogenes	and	mutations	through	genomic	
integration	during	the	reprogramming	procedure	(Selvaraj	et	al.,	2010,	Ibarretxe	






















been	 used	 to	 produce	 bioengineered	 tooth	 primordia	 to	 achieve	 whole	 tooth	
regeneration:	 recombinations	 of	 mouse	 E10.5	 inductive	 epithelial	 cells	 and	
cultured	 MSCs	 from	 bone	 marrow	 of	 adult	 mouse	 (Ohazama	 et	 al.,	 2004),	





uncultured	 embryonic	 cells.	 To	 date,	 no	 successful	 tooth	 formation	 has	 been	






also	 derived	 from	 neural	 crest	 (Volponi	 et	 al.,	 2010);	 secondly,	 to	 achieve	 a	
“sustainable”	 usage	 of	 the	 limited	 amount	 of	 dental	MSCs	 obtained	 from	 one	









tooth	 in	 human	 needs	 to	 be	 dramatically	 shortened;	 precise	 control	 of	 the	
anatomy,	 occlusion	 and	 colour	 of	 the	 new	 tooth	 will	 be	mostly	 concerned	 by	
dentists;	 patients	with	 hypodontia	 due	 to	 gene	 defect	won’t	 benefit	 from	 this	






	 	 	 	 	
(1)	determine	if	in	vitro	expanded	embryonic/postnatal	dental	mesenchymal	cells	
can	contribute	to	tooth	formation	as	inductive	cells	(Chapter	III).	 	




































































In	 order	 to	 trace	 the	 origins	 of	 the	 cells	 contributing	 to	 the	 tooth	 primordia	
formation	in	epithelium-mesenchyme	recombination	experiments,	three	different	































embryos	 utilizing	 sterile	 fine	 needles	 in	 Leibovitz's	 L-15	medium	 (L-15,	 Gibco®,	
21083-027).	After	being	trimmed	from	the	surrounding	tissue,	tooth	germs	were	













(TrypLETM	 Express,	 12604-039)	 and	 the	 trypsinization	was	 blocked	with	 trypsin	
inhibitor	 (Promocell,	 C-41120);	 dissociated	 cells	 then	 were	 re-suspended	 in	
complete	α-MEM.	Subsequently	cells	were	plated	in	6-well	cell	culture	plates	or	
75cm2	cell	culture	 flasks	 (CELLSTAR®,	657160	or	658170)	and	then	 incubated	at	






4-10	 pieces	 of	 E14.5/E12.5	 tooth	 germ	 epithelial	 tissues	 were	 placed	 on	 a	
membrane	 cut	 from	 the	 cell	 culture	 insert	 (0.4	 μm	 pore	 size,	 BD	 FalconTM,	
353090).	A	25	μl	drop	of	 collagen	gel	matrix	was	placed	 to	wrap	 the	epithelial	
tissues.	 2-20×105	 mesenchymal	 cells	 were	 centrifuged	 in	 a	 PCR	 tube	 (0.2	 ml,	
STARLAB,	I1402-8100)	to	form	a	pellet	and	then	injected	into	the	collagen	gel	on	
the	top	of	the	epithelial	tissues	using	sharpened	fine	pipette	tips	(20μl,	GELoader®,	




















Upper	 and	 lower	 molar	 pulp	 pieces	 of	 PN7	 mice	 were	 trimmed	 from	 the	
surrounding	 dental	 follicle	 tissues	 and	 digested	 in	 complex	 enzyme	 containing	
2mg/ml	Collagenase	D	and	120	unit/ml	Dispase	for	50	minutes,	filtered	through	
70μm	 cell	 strainer	 (BD	 FalconTM	 352350)	 to	 obtain	 a	 uniform	 single	 cell	
suspension.	The	pulp	cells	were	cultured	on	6-well	plates	at	density	of	1.2-1.5×105	









For	 immunofluorescence	 (IF),	 sections	were	 deparaffinized	with	Histoclear	 and	
rehydrated	with	decreasing	ethanol	series,	following	antigen	being	retrieved	with	
0.1	 M	 Tris-HCl	 pH	 9.0	 or	 9.5	 solution;	 after	 the	 antigen	 retrieval,	 slides	 were	
washed	in	PBST	solution	(0.2%	Tween20	in	1×	PBS)	and	incubated	in	buffer	(10%	
FBS	and	1%	BSA	in	1×	PBS)	to	block	unspecific	staining;	Chicken	anti-GFP	antibody	
(Abcam®,	 ab13970)	 diluted	 1:500	 with	 blocking	 buffer	 was	 used	 as	 primary	
antibody	 for	overnight	at	4°C	and	second	antibody:	goat	anti-chicken	 IgG	 (H+L)	
antibody	(Alexa	Fluor®	488,	Invitrogen,	A-11039)	diluted	1:300	also	with	blocking	











































































































(VECTASHIELD®	 H-1200).	 Coverslips	 on	 top	 of	 specimen	 were	 sealed	 around	
perimeter	 with	 nail	 polish.	 Fluorescent	 tomography	 scans	 were	 performed	 on	











tip	 and	 inserted	 through	 the	 small	 nick	 to	 prepare	 the	 space	 for	 transplants	

































with	 10ml	 Dulbecco’s	 phosphate-buffered	 saline	 (DPBS,	 Sigma	 ®,	 D8537)	 to	
maintain	 the	 humidity	 of	 the	 culture	 chambers	 (Figure	 II-4).	 Cell	 suspension	










































the	 standard	 2D	 culture	 plates	 to	 establish	 the	 epithelium-mesenchymal	 cell	
Transwell	co-culture	system.	E14.5	epithelial	explants	were	cultured	on	the	cell	


































RNA	 extraction	 of	 collected	 cells	 was	 performed	 using	 Micro	 Kit	 or	 Mini	 kit	
(RNeasy®,	QIANGEN,	 74004	or	 74104)	 depending	on	 the	 cell	 numbers	 (mini	 kit	
would	 be	 selected	when	 cells	were	more	 than	 5×105),	 following	 the	 protocols	
supplied	 by	 the	 manufacturer.	 RNA	 quality	 controls	 were	 performed	 by	
examination	 of	 OD	 ratios.	 The	 ratio	 of	 the	 readings	 at	 260	 nm	 and	 280	 nm	
(A260/A280)	should	be	around	2,	between	1.9-2.1	with	an	OD	260/230	of	1.8	or	






























no	template	control	(NTC).	 	 	 	 	
	
Table	II-11.	Components	of	cDNA	synthesis	reaction	solution	












M-MLV	enzyme	 1μl	 -	 -	










	 Components	 Volume	(V)	 Process	
Mix	 	
1st	
RNA	 1	μg	 Incubate	 at	 37°C	 for	







Mix	1st	 10	μl	 Incubate	 at	 65°C	 for	





Mix	2nd	 11μl	 Incubate	 at	 70°C	 for	






Mix	3rd	 15μl	 Incubate	 at	 RT	 for	
10min;	Incubate	at	50°C	
for	 50min;	 Spin	 down	


















Glyceraldehyde	 3-phosphate	 dehydrogenase	 (GAPDH)	 was	 chosen	 as	 the	










GAPDH	 Forward	 CCATGGAGAAGGCCGGGG	 197	 61.2	
Reverse	 CAAAGTTGTCATGGATGACC	 51.5	
















































2.8.1	 Dissection	 of	 E10.5	 1odontogenic	 and	 non-odontogenic	 branchial	 arch	
epithelium	






























2014)	 and	 differential	 expression	 analysis	 was	 performed	 via	 DEseq2	 (Galaxy	
Version	2.11.39)	(Love	et	al.,	2014).	A	threshold	of	adjusted	p	value	(Padj)	<0.05	
and	 fold	 change	 >2	were	 set	 to	 identify	 differentially	 expressed	 genes	 (DEGs).	
Visualizations	 of	 DEG	 results	 were	 performed	 using	 R	 studio	 (version	 3.4.0),	
detailed	 file	 preparations,	 R	 packages	 and	 codes	 used	 are	 described	 in	 2.8.3.	
Statistical	 overrepresentation	 tests	 of	 DEG	 sets	 were	 conducted	 through	 the	



























Data	matrix	 preparation:	 DEG	 list	 and	 total	 normalized	 counts	 file	 (generated	
thought	DEseq2)	were	put	 together	 in	 the	 same	Excel	work	 sheet.	 Via	MATCH	
function,	 using	 DEG	 list	 as	 the	 look	 arrays,	 normalized	 counts	 of	 DEGs	 were	
selected.	 Data	 matrix	 should	 contain	 gene	 ID	 of	 DEGs	 and	 the	 corresponding	
normalized	counts	of	the	DEGs	in	each	sample,	saved	as	Comma-Separated	Values	
(CSV)	file	(“heatmap.csv”).	Example	data	matrix	is	as	follow:	 	 	 	 	 	
	 	
Gene	ID	 Sample	1	 Sample	2	 Sample	3	 Sample	4	 Smaple	5	 Sample	6	
DEG1	 10	 10	 10	 100	 100	 100	
DEG2	 20	 20	 20	 200	 200	 200	
DEG3	 30	 30	 30	 300	 300	 300	

































roughly	 converted	 into	 numbers.	 For	 example,	 the	 following	 heatmap	 can	 be	
transformed	 into	 the	matrix	 below	 according	 to	 the	 colour	 codes.	 Line	 charts	
generated	from	the	matrix	can	show	the	general	trend	of	expression	patterns	of	
















Cluster: 1 Size: 3828
Cluster: 2 Size: 1112
Cluster: 3 Size: 1269
Cluster: 4 Size: 689
Cluster: 5 Size: 461
































































































Ever	 since	 it	 was	 established	 in	 mice	 that	 embryonic	 tooth	 germs,	 when	




generated	 by	 reassociation	 of	 disassociated	 tooth	 germ	 epithelial	 and	
mesenchymal	cells	(Nakao	et	al.,	2007,	Ikeda	et	al.,	2009,	Kuchler-Bopp	et	al.,	2016,	
Ono	et	al.,	2017)	and	combination	of	either	inductive	dental	epithelial	cells	and	








However,	 practically,	 fresh	 embryonic	 tooth	 germs	 are	 apparently	 out	 of	 the	
question	in	the	context	of	a	dental	clinical	scenario.	Cell	lines	generated	from	them	







dental	 follicles,	 periodontal	 ligament,	 epithelial	 rests	 of	Malassez	 of	 exfoliated	
deciduous	 teeth,	 extracted	 third	 molars/supernumerary	 teeth	 and	 etc.	 These	
adult	dental	stem	cells	have	been	widely	studied	due	to	their	abundance	and	easy	
accessibility	 in	 clinic	 and	 their	 potential	 in	 dental	 and	 non-dental	 tissue	
regeneration.	However,	no	adult	dental	 stem	cell	 source	has	been	 found	 to	be	
capable	of	inducing	de	novo	odontogenesis	(Hu	et	al.,	2014).	 	
	
In	vitro	expanded	embryonic	and	adult	 tooth	cells	 can	 respond	 to	 the	 inducing	
signals	from	the	inductive	counterpart	in	recombinations	and	together	generate	




Patient	 specific	 dental	 stem	 cells	 can	 be	 easily	 obtained	 and	 scaled	 up	 by	 cell	
banking.	Surgically	implanting	tooth	primordia	into	the	sites	of	missing	tooth	is	no	
more	difficult	 than	dental	 implant	 surgery.	Hence,	 how	 to	bioengineer	 a	 tooth	
primordium	 using	 accessible	 cell	 sources	 is	 the	 biggest	 obstacle	 in	 the	 field	 of	
whole	 tooth	 bioengineering.	 Moreover,	 since	 adult	 dental	 mesenchymal	 stem	
cells	are	more	readily	accessible	than	adult	dental	epithelial	stem	cells,	successful	
restoration	of	odontogenic	induction	capacity	of	adult	dental	mesenchymal	stem	
cells	 could	 render	 industrialized	whole	 tooth	bioengineering	 realizable	 through	
standardized	recombinations	of	inductive	dental	mesenchymal	stem	cells	and	any	







will	focus	on	the	mesenchymal	cell	populations.	 	 	 	
	
Some	progress	has	been	made	concerning	the	rapid	loss	of	odontogenic	capacity	
of	 in	 vitro	 expanded	 embryonic	 tooth	 cells.	 Culturing	 embryonic	 dental	
mesenchymal	cells	in	serum-free	medium	with	knockout	serum	replacement	(KSR)	













dental	 mesenchymal	 cells?	 In	 other	 words,	 can	 they	 take	 part	 in	 de	 novo	
odontogenesis	as	the	inductive	cells?	 	
	
To	 answer	 the	 question,	 I	 established	 a	 series	 of	 epithelium-mesenchyme	
combination	 experiments	 for	 generating	 tooth	 primordia	 utilizing	 a	 novel	 cell-













E14.5	 tooth	 germ	 epithelial	 tissues	where	 epithelium	was	 synchronic	with	 the	
inductive	 mesenchymal	 cells	 and	 recombinations	 using	 E12.5	 tooth	 germ	
epithelial	tissues	where	heterochronic	epithelium	was	more	naïve	in	responding	







molar	 tooth	 germ	mesenchymal	 cells	 or	 PN7	molar	 pulp	 cells.	 (B)	 Cell	mixing:	
cultured	GFP	cells	(either	E14.5	mesenchymal	cells	or	PN7	pulp	cells)	were	mixed	
with	 noncultured	 (fresh)	 CD1	 E14.5	 molar	 tooth	 germ	 mesenchymal	 cells	 at	
different	ratios	(cultured:fresh	=	1:9,	1:3,	1:1,	3:1,	9:1).	(C)	Combination:	mixtures	










epithelial	 tissues	 were	 from	 the	 same	 tooth	 germs	 as	 the	 fresh	 inductive	
mesenchymal	 cells	 (Figure	 III-1	 (C)	 Reassociations	①).	 Pure	 fresh	 or	 cultured	
embryonic	mesenchymal	cells	were	combined	with	epithelium	to	serve	as	positive	
or	negative	controls.	Reassociations	were	cultured	in	vitro	for	7-9	days	and	then	






before	 fixation.	 Ameloblast-like	 and	 odontoblast-like	 cells	 were	 well-layered	
separately	 at	 the	 interface	 of	 each	 tooth	 primordium	 (Figure	 III-2.A).	 In	 the	
negative	controls	(GFP	E14.5	cultured	tooth	germ	mesenchymal	cells	combining	
with	 CD1	 E14.5	 tooth	 germ	 epithelial	 tissues),	 instead	 of	 tooth	 structures,	









Combination	 of	 uncultured	 cells	 dissociated	 from	 GFP	 E14.5	 tooth	 germ	
mesenchyme	 and	 fresh	 tissue	 of	 CD1	 E14.5	 tooth	 germ	 epithelium	 generated	
considerable	well	shaped	and	structured	tooth	primordia	(A1-2).	H&E	staining	(A3)	
and	immunofluorescent	image	(A4)	of	the	section	of	a	primordium;	Combination	
of	 GFP	 cultured	 E14.5	 tooth	 germ	 mesenchymal	 cells	 and	 CD1	 fresh	 E14.5	
epithelial	 tissue	 formed	cyst-like	 structures	 (A1-2).	CD-1	epithelium	“rolled	up”	
into	sphere	shape	and	with	negative	GFP	signals	in	fluorescent	view.	H&E	staining	
















the	 junction	 between	 epithelium	 and	 mesenchyme	 (Figure	 III-3);	 while	 GFP	
immunofluorescent	 results	 revealed	 the	 origins	 of	 the	 mesenchymal	 cells	
contributing	to	the	formation	of	the	tooth	primordia:	cultured	(GFP	positive)	cells	
were	evenly	scattered	in	the	mesenchyme	of	the	tooth	primordia,	some	were	at	
the	 epithelium-mesenchyme	 interface	 area	with	 the	 typical	 columnar	 shape	of	
odontoblasts	 (Figure	 III-3.	 C4).	 The	 different	 percentages	 of	 cultured	 cells	 in	
mixtures	did	not	have	a	significant	effect	on	the	morphology	and	histology	of	the	
generated	tooth	primordia,	but	on	the	proportions	of	cultured	cells	among	all	the	
contributing	 mesenchymal	 cells.	 It	 is	 obvious	 that	 50%	 cultured	 cell	 mixture	
induced	 tooth	 primordia	 have	 the	 most	 number	 of	 cultured	 cells,	 and	 the	




















To	 rule	 out	 contamination	 of	 fresh	 mesenchyme	 attached	 to	 epithelium,	
trichrome	reassociations	utilising	red,	mTmG	E14.5	tooth	germ	epithelial	tissues	
were	 performed	 to	 test	 the	 upper	 limit	 of	 cultured	 cell	 percentages	 in	





reassociations;	 fluorescence	 microscopy	 was	 used	 to	 detect	 contamination	 of	










laser	 scanning	 fluorescent	 microscopy	 on	 50%	 cultured	 cell	 trichrome	
reassociation	has	used	to	confirm	that	cultured	cells	were	distributed	evenly	 in	
primordium	 mesenchyme,	 a	 number	 of	 which	 differentiated	 into	 columnar	




epithelium.	 The	 blue	 fluorescence	 of	 cells	 inside	 the	 primordium	 was	 much	
weaker	 than	 the	 cells	 outside,	 probably	because	of	 the	 compact	 structure	 and	
initiation	 of	 mineralization	 which	might	 render	 penetration	 through	 primordia	
difficult	for	DAPI	molecules	(Figure	III-4.	A5,	A6).	 	
	
Mixtures	 with	 90%	 cultured	 cells	 failed	 in	 tooth	 induction.	 As	 in	 the	 negative	




Figure	 III-4.	 Trichrome	 reassociations	 with	 mesenchymal	 cell	 mixtures	 of	
cultured	embryonic	cell	percentage	at	50%,	75%	and	90%.	





cells	were	distributed	evenly	 in	 the	primordium	and	odontoblast-like	 columnar	
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cultured	 cells	 can	 be	 observed	 in	 the	 interface	 area	 of	 epithelium	 and	








Cell	mixing	approaches	were	applied	with	postnatal	 tooth	cells	 in	 reassociation	
experiments.	 For	 practical	 reasons,	 GFP,	 rather	 than	 mTmG,	 epithelial	 tissues	
were	utilized.	Molar	pulp	cells	were	isolated	from	mTmG	mouse	pups	at	postnatal	
day	7	and	expanded	in	vitro.	Passage	1	postnatal	dental	mesenchymal	cells	were	
mixed	with	 CD1	 E14.5	 fresh	molar	 tooth	 germ	mesenchymal	 cells	 at	 different	
ratios	and	then	recombined	with	GFP	E14.5	tooth	germ	epithelium.	
	

















Figure	 III-5.	 Trichrome	 reassociations	 with	 mesenchymal	 cell	 mixtures	 of	
cultured	postnatal	cell	percentages	at	10%,	25%,	50%	and	100%.	
Tooth-like	structures	formed	in	reassociations	of	GFP	E14.5	tooth	germ	epithelial	
tissue	 (green)	 and	mesenchymal	 cell	mixtures	 consisting	 of	 10%,	 25%	 cultured	
mTmG	(red)	postnatal	(PN7)	molar	pulp	cells	(A,	B).	The	majority	of	postnatal	cells	











molar	 tooth	 germ	 epithelial	 tissues	 were	 replaced	 by	mTmG	 E12.5	 epithelium	
which	 is	 more	 naïve	 in	 responding	 to	 odontogenic	 signals	 (Figure	 III-1.	 (C)	
Recombinations	②).	 	 	 	 	
	
In	the	positive	controls	with	pure	CD1	fresh	E14.5	tooth	germ	mesenchymal	cells,	








A-D)	 and	 failed	when	 this	 percentage	 increased	 to	 90%	 (Figure	 III-7.	 E).	 It	was	
common	 to	 observe	 variations	 in	morphology	 and	 cultured	 cell	 proportions	 in	
tooth	primordia	within	the	same	recombination	(Figure	III-7.	C).	However,	when	
































cultured	 and	 25%	 fresh,	 (E)	 90%	 cultured	 and	 10%	 fresh	 E14.5	 molar	 germ	
mesenchymal	 cells.	 Tooth-like	 structures	 formed	 in	 recombinations	 with	 cell	
mixtures	consisting	of	no	more	than	75%	cultured	E14.5	tooth	germ	mesenchymal	
cells	 (A1-2,	B1-2,	C1-2,	D1-2).	Green	 (GFP+)	cells	could	be	seen	adjacent	 to	 the	
epithelium	(A3,	B3,	C3,	D3),	exhibiting	an	elongated	appearance	(A4,	B4,	C4,	D4).	












Bone-like	 structures	 with	 embedded	 teeth	 were	 observed	 in	 implants	 when	
collected	 from	mouse	 subrenal	 capsules	 (Figure	 III-8.	B).	Micro-CT	 scan	and	3D	
reconstructions	showed	that	teeth	with	calcified	crowns	(enamel),	a	less	calcified	










Figure	 III-8.	 Subcapsular	 transplantation	of	mixed	 cell	 recombination	 induced	
tooth	primordia	in	mouse	kidney	and	the	micro-CT	scans	on	collected	implants.	

















A	 single	 tooth	 was	 isolated	 from	 implant	 lumps	 which	 originate	 from	
recombinations	using	cell	mixtures	consisting	of	75%	cultured	GFP	and	25%	fresh	
CD1	E14.5	molar	germ	mesenchymal	cells	and	mTmG	E12.5	molar	germ	epithelial	
















Similar	 results	 to	 the	 reassociations	 where	 E14.5	 epithelium	 was	 used,	 pure	
cultured	postnatal	cells	(negative	controls)	and	50%	postnatal	cell	mixtures	did	not	















(green)	 and	 50%	 fresh	 CD1	 E14.5	molar	 germ	mesenchymal	 cells	 (nonlabeled)	
failed	to	form	toothlike	structures,	shown	in	bright	field	(B1),	fluorescent	view	(B2)	
and	confocal	scan	(B3).	Toothlike	structures	formed	in	recombinations	with	cell	













Mouse	 E14.5	 embryonic	 tooth	 germ	 mesenchymal	 cells	 have	 whole-tooth	
inducing	ability	which	is	lost	after	in	vitro	proliferation.	Cultured	embryonic	cells	
mixed	 with	 fresh	 cells,	 can	 induce	 tooth	 formation	 when	 the	 cultured	 cell	
percentages	in	the	mixture	are	below	75%,	but	cannot	when	above	90%.	Cultured	




Postnatal	 cultured	 dental	 pulp	 cells	 do	 not	 possess	 the	 capacity	 of	 de	 novo	
odontogenesis.	Mixing	with	inductive	fresh	embryonic	dental	mesenchymal	cells	
showed	tooth	induction	can	be	initiated	when	postnatal	cell	percentages	in	the	













































































mesenchymal	 cells	 were	 performed	 to	 determine	 if	 cultured	 tooth	 cells,	 both	
embryonic	and	postnatal,	can	take	part	in	tooth	formation	as	the	inducing	cells.	
	
From	 the	 results	 of	 mixed	 cell	 recombinations,	 it	 is	 obvious	 that	 the	 cultured	
embryonic	cells	can	contribute	to	tooth	formation	when	their	percentage	in	the	
mixtures	with	inductive	cells	is	less	than	75%.	They	were	evenly	spread	within	the	
tooth	 primordia	 formed	 in	 recombinations	 and	were	 able	 to	 differentiate	 into	
odontoblasts	 at	 the	 epithelium-mesenchyme	 interface.	 Moreover,	 they	








become	 inductive	 again,	 or	 they	 happened	 to	 be	 recruited	 and	 hence	 start	 to	
proliferate	 and	 differentiate	 in	 the	 odontogenic	 environment	 generated	 by	







structures	 formed	 in	 recombinations	 with	 the	 same	 cultured-to-inductive	 cell	
ratios.	 However,	 postnatal	 cells	 were	 barely	 observed	 in	 the	 tooth	 primordia.	
Kökten	et	al.	also	found	no	contribution	from	postnatal	bone	marrow	MSCs	with	





embryonic,	 postnatal	 mesenchymal	 cells	 and	 bone	 marrow	 cells	 can	 fully	
participate	 in	 tooth	 formation	 as	 the	 recipients	 of	 inducing	 signals,	 they	must	
become	inductive	to	contribute	to	tooth	formation	induced	by	mesenchyme	in	the	
recombination	 experiments.	 In	 other	 words,	 odontogenic	 inductivity	 is	 strictly	
required	from	the	contributing	to	participate	in	tooth	induction.	 	
	
Consistent	 with	 observations	 that	 a	 minimum	 of	 13.5±0.5×104	 inductive	
mesenchymal	cells	are	required	for	successful	tooth	induction	in	cap	stage	tooth	
germ	reassociation	experiments	 (Nait	Lechguer	et	al.,	2008),	 recombinations	of	
positive	controls	 failed	 to	 induce	 tooth	 induction	when	 inductive	mesenchymal	
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cell	 numbers	 did	 not	 reach	 a	 threshold	 of	 approximately	 1.5×105.	 A	 total	
mesenchymal	 cell	 number	 of	 2×105	 was	 used	 in	 each	 recombination.	
Mesenchymal	 cell	 mixtures	 with	 50%	 and	 75%	 cultured	 embryonic	 cells,	
respectively	 contained	 1×105	 and	 5×104	 fresh	 inductive	 cells	 which	 were	 not	
sufficient	 for	 tooth	 induction,	 indicating	 cultured	 embryonic	 cells	 must	 have	
become	 inductive	 to	 compensate	 the	 insufficiency	 of	 inductivity	 from	 the	




numbers	 of	mixtures	with	 90%	 cultured	 embryonic	 cells	were	 increased	 by	 10	







To	 analyze	 how	 relative	 percentage	 of	 inductive	 cells	 can	 affect	 outcomes	 of	











If	 the	 average	 inductivity	 simply	 results	 from	 the	 dilution	 effect	 generated	 by	
adding	 non-inductive	 cells,	 mixtures	 with	 the	 same	 percentage	 of	 embryonic	
cultured	cells	and	postnatal	cultured	cells	should	have	identical	outcomes	of	tooth	
induction,	which	is	in	conflict	with	the	findings	observed	in	both	reassociation	and	
recombination	 experiments	 (see	 Table	 III-2).	 To	 adjust	 the	 gap	 between	
expectation	 and	 observation,	 the	 assumption	 of	 “cultured	 embryonic	 and	




to	 “a”.	The	modified	 function	of	average	 inductivity	of	 cell	mixtures	containing	
postnatal	cells,	I	(PN),	can	be	defined	as	follow:	
I	(PN)	=	f(x)	=	 !×#%×*&!× '%%(# %×'! 	=	1-	(1-a)•x%	









x	 f(x)	 Expected	value	of	f(x)	 Range	of	a	
25	 0.75+0.25a	 >	0.1	 >	-2.6	


















	 	 	 	 	 	 Experiment	groups	succeeded	in	tooth	induction	
	 	 	 	 	 	 Experiment	groups	failed	in	tooth	induction	 	









0	 10	 25	 50	 75	 90	 100	
Pure	Cultured	E14.5	
Cells	=	0	
1	 0.9	 0.75	 0.5	 0.25	 0.1	 0	
Pure	Cultured	
PN7	Cells	=	






-1	 1	 0.8	 0.5	 0	 -0.5	 -0.8	 -1	
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mathematical	model	 as	 above,	 the	 inductivity	of	 fresh	and	 cultured	embryonic	
cells	can	be	set	to	1	and	0.5	respectively,	signifying	that	cultured	embryonic	cells	
can	possess	partial	inductivity	and	contribute	to	tooth	induction	only	when	they	
are	 with	 complete	 inductivity.	 Following	 the	 same	 formula,	 the	 inductivity	 of	
cultured	postnatal	cells	can	range	from	0.25	to	-0.8	as	follow:	 	
	
x	 f(x)	 Expected	value	of	f(x)	 Range	of	a	
25	 0.75+0.25a	 >	0.55	 >	-0.8	
50	 0.5+0.5a	 <	0.625	 <	0.25	
	
indicating	that	though	they	are	more	likely	to	be	inhibitive	due	to	the	wider	range	





Table	 III-3.	 Modified	 average	 inductivity	 calculation	 examples	 of	 differently	
componented	cell	mixtures	based	on	assumption	of	spectral	measurement	of	
single	cell	inductivity.	
	 	 	 	 	 	 Experiment	groups	succeeded	in	tooth	induction	




0	 10	 25	 50	 75	 90	 100	
Cultured	E14.5	Cells	=	
0.5	




-0.5	 1	 0.85	 0.625	 0.25	 -0.125	 -0.35	 -0.5	
0	 1	 0.9	 0.75	 0.5	 	 0.25	 	 0.1	 0	






contribute	 to	 creation	 of	 a	 micro-environment	 that	 is	 favourable	 to	 tooth	
induction.	 In	 addition,	 absolute	 numbers	 of	 inductive	 cells	 have	 to	 reach	 the	
threshold	of	1.5×105	to	trigger	the	induction	process.	It	is	also	worth	noting	that,	
based	on	the	experiments	using	mixtures	of	fresh	and	cultured	embryonic	cells,	it	
is	 understandable	 that	 cultured	 cells	were	 rescued	 from	being	 incompetent	 to	
induce	 tooth	 formation	 to	compensate	 the	 insufficiency	of	absolute	number	of	
inductive	cells.	However,	the	occurrence	of	this	rescue	effect	 is	 independent	of	
the	 necessity	 for	 tooth	 induction.	 This	 can	 be	 proven	 by	 the	 considerable	











common	 pathway	 by	 cells	 interacting	 with	 their	 immediate	 neighbours.	 It	 is	













In	 this	 study,	 cell	 mixing	 of	 cultured	 embryonic/postnatal	 dental	 cells	 with	
inductive	non-cultured	embryonic	tooth	cells	can	be	considered	as	an	artificially	
created	odontogenic	cell	community.	Though	originally	community	effect	refers	



























A	 √	 √	 ⋅	 √	 ⋅	
B	 √	 √	 √	 √	 √	
C	 √	 ⋅	 √	 ⋅	 -	
D	 ⋅	 √	 ⋅	 ⋅	 -	





Based	 on	 the	 capability	 of	 tooth	 induction,	 dental	 mesenchymal	 cells	 can	 be	
divided	into	inductive	cells	(non-cultured	embryonic	cells)	and	non-inductive	cells	
(cultured	embryonic	and	postnatal	cells).	Non-inductive	cells	can	secrete	partial	
tooth	 inducing	signals	yet	not	sufficient	 to	 induce	 tooth	 formation.	 In	addition,	
cultured	postnatal	cells	tend	to	have	an	inhibiting	effect	possibly	due	to	secretion	
of	signaling	inhibitors	which	mathematically	can	counteract	the	inducing	signals.	
Hence,	mixtures	with	 different	 proportions	 of	 inductive	 and	 non-inductive	 cell	
populations	will	result	 in	different	concentrations	of	 inducing	signals,	which	are	
required	 to	 reach	 a	 threshold	 for	 generating	 odontogenic	 mesenchymal	 cell	
community.	 Tooth	 induction	 will	 be	 initiated	 when	 the	 absolute	 number	 of	
inducing	 cells	 is	 above	 the	 minimum	 of	 1.5×105.	 Otherwise,	 either	 the	
concentration	of	inducing	signals	or	absolute	inducing	numbers	does	not	meet	the	
requirements,	 the	mixture,	as	a	whole,	will	 fail	 to	 induce	 tooth	 formation,	and	
inductive	cells	will	become	incompetent.	
	 	
Cultured	 embryonic	 cells	 can	 be	 converted	 into	 inductive	 cells	 through	 a	
community	 effect	when	 the	 concentration	of	 inducing	 signals	 in	 the	mixture	 is	






effect.	 Mixtures	 can	 accomplish	 tooth	 induction	 when	 both	 the	 signal	
concentration	 and	 inducing	 cell	 number	 meet	 their	 requirements,	 however,	
without	a	contribution	from	cultured	postnatal	cells.	Since	community	effect	is	a	
phenomenon	 among	 embryonic	 cell	 populations,	 postnatal	 cells,	 though	 with	
common	stemness,	might	have	 receptivity	 that	 is	 incompatible	with	embryonic	
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signaling	 patterns.	 This	 is	 possibly	 because	 of	 changes	 in	 expression	 and	
distribution	 of	 receptors	 in	 postnatal	 cells	 during	 development	 so	 that	 their	
odontogenic	genes	cannot	be	activated	by	embryonic	inducing	signals,	which	also	
tend	 to	 be	weakened	 by	 probable	 secretion	 of	 inhibitors	 from	 postnatal	 cells.	
Supplement	of	special	factors	or	even	direct	cell	reprogramming	might	be	required	















with	 limited	 regenerative	 potency	 in	 the	mixtures.	 As	 a	 tooth	 germ	 develops,	
inductive	cell	populations	will	gradually	decrease	(Keller	et	al.,	2011).	Therefore,	
it	is	highly	possible	that	unselected	postnatal	pulp	cells	have	very	low	proportion	
of	 whole-tooth	 inducing	 stem	 cells.	 If	 so,	 pure	 fresh	 inductive	 pulp	 stem	 cells	
above	minimum	 inductive	 cell	 number,	 alone,	 can	 engage	 in	 tooth	 formation.	
However,	 the	 staining	 and	 high-pressure	 conditions	 involved	 in	 cell	 sorting	








sufficient	 cells,	 which	 leads	 us	 back	 to	 the	 same	 problem	 cultured	 embryonic	





artificially	 manipulable	 methodology	 such	 as	 special	 culturing	 conditions	 and	
cocktail	of	factors	etc.	Taking	a	step	back,	if	such	inductive	postnatal	pulp	cells	do	
not	 exist,	 further	 study	 on	 the	 tooth	 inducing	 signals	 can	 be	 conductive	 to	
promoting	 inductivity	 in	 postnatal	 cells.	 Additionally,	 studying	 on	 cultured	











contamination	 of	 fresh	 mesenchyme	 attached	 to	 the	 epithelium	 is	 visually	
undetectable,	which	can	result	in	higher	proportion	of	inductive	cells	that	leads	to	




(Mina	 and	 Kollar,	 1987),	 E12.5	 dental	 epithelium	 is	 the	most	 naïve	 responsive	
dental	epithelium	that	requires	additional	induction	from	E14.5	mesenchyme	for	
synchronization	prior	 to	 tooth	 forming.	This	 is	probably	 the	cause	of	 the	1	day	




whether	 cultured	 cell	 populations	 can	 contribute	 to	 tooth	 induction,	 it	 is	 not	
necessary	to	advance	recombinations	to	that	level.	
	
Variations	 of	 tooth	 morphology	 can	 be	 observed	 within	 single	 recombination.	
Outcomes	did	not	differ	much	between	the	recombinations	using	mixed	cells	and	










far	away	from	the	research	focus.	 	 	 	 	 	 	 	
	
Variations	 can	 be	 also	 observed	 in	 the	 proportion	 of	 cultured	 embryonic	 cells	
contributing	 to	 the	 tooth	 structures	 formed	 in	 the	 same	 recombination	 (Figure	





of	 cultured	 embryonic	 cells	 is	 obvious	 which	 is	 more	 valuable	 than	 their	
performance	 in	 one	 specific	 primordium	 for	 the	 discussion	 about	 their	
odontogenic	 potential.	 Similarly,	 the	 setting	 of	 non-inductive	 to	 inductive	 cell	




























3D	 culture	 refers	 to	 in	 vitro	 cell	 culture	 systems	 that	 complement	 the	 3rd	
dimension,	mimicking	the	in	vivo	environment	of	cells.	Cells	can	aggregate	to	form	
spheroids	 or	 clusters	 within	 a	 matrix,	 on	 a	 matrix	 or	 in	 suspension	 medium	




























can	 induce	expression	of	odontogenic	 transcription	 factors	Pax9	and	Msx1	 and	





Most	 biological	 events	 involve	 participation	 of	 multiple	 types	 of	 cells.	
Maintenance	or	activation	of	characteristics	of	some	cell	populations	depends	on	
presence	 of	 other	 cell	 populations	 (Goers	 et	 al.,	 2014).	 Typically,	 organ	
development	such	as	odontogenesis	is	a	process	mediated	by	cross-talk	between	






























vessel	wall	 to	 create	 an	 improved	model	 of	 the	 in	 vivo	 environment	 (Truskey,	
2010).	 	
	
Given	 the	nature	of	 reciprocal	 interaction	between	 two	cell	populations	during	
odontogenesis,	Transwell	co-culture	of	embryonic	dental	mesenchymal	cells	with	
responding	 epithelium	 is	 a	 promising	 approach	 to	 prevent	 them	 from	 loss	 of	




from	 odontogenic	 failure	 in	 mixed	 cell	 recombinations	 (Chapter	 III)	 due	 to	 a	
















cultured	 in	 three	different	 3D	 culture	 systems:	 hanging	drops,	 low	 cell	 binding	









GFP	 E14.5	 molar	 tooth	 germ	 mesenchymal	 cells	 were	 proliferated	 through	
standard	 2D	 culture,	 followed	 by	 3D	 culture	 utilizing	 three	 different	 culture	
systems,	 respectively	 hanging	 drops,	 low	 cell	 binding	 surface	 plates	 and	 u-
bottomed	96-well	plates.	Cell	spheroids	formed	in	3D	culture	systems	were	either	
applied	directly	 in	reassociations	with	E14.5	mTmG	molar	tooth	germ	epithelial	





Morphological	 differences	 between	 2D	 and	 3D	 cultured	 cells	 can	 be	 observed	
within	24	hours	after	passage.	Cells	cultured	in	standard	2D	conditions	adhered	to	
the	surfaces	of	the	culture	plates	and	stretched	into	spindle	shapes.	Long	culture	































Odontogenic	genes	Pax9	and	Msx1	are	 transcription	 factors	expressed	 in	 tooth	
germ	mesenchyme	that	are	required	for	tooth	formation	(Peters	et	al.,	1998,	Chen	








































The	 odontogenic	 induction	 capacity	 of	 aggregated	 cultured	 embryonic	 dental	
mesenchymal	cells	was	tested	in	reassociation	experiments	with	E14.5	tooth	germ	








GFP	 proliferated	 embryonic	 tooth	 germ	 mesenchymal	 cells	 were	 cultured	 in	












(green)	 stayed	 aggregated	 as	 spheres	 in	 the	 reassociations;	 (B)	 After	 7	 days	 in	




Cell	 spheroids	 created	 in	 u-bottomed	 plates	 were	 mechanically	 disaggregated	












GFP	proliferated	embryonic	 tooth	germ	mesenchymal	 cells	were	 cultured	 in	u-
bottomed	wells	 for	 5	 days,	 cell	 spheroids	 (A)	 and	 disaggregated	 cells	 (B)	were	















GFP	 cultured	 E14.5	 tooth	 germ	mesenchymal	 cells	 were	 treated	with	 100	 nM	
rapamycin	(dissolved	in	DMSO)	for	24	hours	prior	to	reassociations	with	CD1	E14.5	
epithelium	whereas	 no	 teeth	 formed	 (A).	 Cells	 cultured	with	media	with	 same	








To	 determine	 if	 a	 co-culture	 system	 can	 retain	 the	 odontogenic	 capacity	 of	
cultured	dental	mesenchymal	cells,	noncultured	E14.5	tooth	germ	mesenchymal	
cells	 were	 co-cultured	 with	 E14.5	 tooth	 germ	 epithelial	 tissues	 in	 a	 Transwell	







GFP	 E14.5	 molar	 tooth	 germs	 were	 separated	 into	 epithelial	 tissues	 and	
mesenchymal	 cells	 and	 co-cultured	 in	 a	 Transwell	 culture	 system	 where	 the	
mesenchymal	cells	were	grown	on	the	culture	plate	wells	and	epithelial	 tissues	
were	 cultured	 as	 explants	 on	 the	 membranes	 of	 the	 cell	 culture	 inserts.	 Co-











(A)	 m:	 mesenchymal	 cells;	 e:	 epithelium	 explants;	 dotted	 line:	 border	 of	
epithelium	explants.	Uncultured	E14.5	mesenchymal	cells	co-cultured	with	E14.5	





















Reassociation	 experiments	 were	 applied	 to	 determine	 if	 the	 presence	 of	
epithelium	 in	 the	culture	of	mesenchymal	cells	was	 sufficient	 to	maintain	 their	
tooth	forming	capacity.	Teeth	were	not	observed	in	the	reassociation	experiments	

















































fresh	 cells	 on	 cultured	 cells	 in	 mixed	 cell	 recombinations	 can	 occur	 under	 2D	




























with	 co-culture	 treated	 GFP	 expanded	 cells	 (Figure	 IV-14	 B).	 Fresh	 CD1	 cells	
cultured	in	2D	conditions	for	12h,	with	or	without	presence	of	GFP	cultured	cells,	















































3D	 culture	 and	 epithelium-mesenchyme	 Transwell	 co-culture	 of	 proliferating	
embryonic	 E14.5	 tooth	 germ	mesenchymal	 cells	 increased	 their	 expression	 of	
odontogenic	 genes	Pax9	 and	Msx1	 compared	with	 standard	monolayer	mono-
culture	 controls,	 however,	 her	 failed	 to	 restore	 the	 lost	 capacity	 of	 de	 novo	
odontogenesis	in	reassociation	experiments.	 	 	 	 	 	
	
The	community	effect	of	fresh	tooth	germ	mesenchymal	cells	rescuing	cultured	
cells	 from	failure	of	 tooth	 induction	 in	mixed-cell	 recombinations	did	not	occur	
under	2D	direct	co-culture	conditions.	Fresh	inductive	cells	that	had	undergone	12	









3D	 culture	 showed	 the	 potential	 to	 drive	 specialized	 cells	 toward	 pluripotency	
(Pennock	et	al.,	2015,	Higgins	et	al.,	2013,	Volkmer	et	al.,	2008,	Zhou	et	al.,	2017).	
Aggregated,	 rather	 than	 monolayer,	 muscle	 precursor	 cells	 maintained	 the	
specific	tissue-inducing	ability,	and	differentiated	into	muscle	cells	when	cultured	
between	two	pieces	of	vegetal	regions	of	blastula	in	the	first	study	on	community	
effect	 (Gurdon,	 1988).	 These	 results	 suggest	 an	 important	 role	 of	 3D	 cell	
aggregation	on	restoration	or	maintenance	of	stem	cell	stemness.	 	 	 	 	 	 	
	
From	 the	 results	 presented	 here,	 regardless	 of	 the	 culture	 system	 applied,	 3D	
culture	 enabled	 morphological	 alteration	 of	 the	 in	 vitro	 expanded	 embryonic	
tooth	germ	mesenchymal	cells	from	spindle	to	spherical,	which	is	similar	to	freshly	
isolated	cells.	They	aggregated	to	form	cell	spheroids	within	24	hours.	Difficulties	























proliferation	 and	 expression	 of	 stem	 cell	 marker	 genes	Nanog	 and	Oct-4,	 and	
generated	more	tendon-like	structures	in	ex	vivo	experiments	(Zhang	and	Wang,	
2013).	 One	 possible	 mechanism	 is	 that	 hypoxia	 mimics	 the	 in	 vivo	 conditions	







exposure	 to	 oxygen	 and	 supplement	 and	 effective	 clearance	 of	 toxin,	 the	
periphery	zone	of	cell	 spheroids	has	normal	proliferation.	 In	 the	 layer	between	
necrotic	core	and	proliferation	zone	where	oxygen	tension	is	approximately	4-5%	
(Volkmer	et	al.,	2008),	consistent	with	the	value	that	is	proven	to	be	favourable	to	



















cells	 were	 used	without	 screening	 out	 the	 necrotic	 cell	 population,	 which	 can	




postnatal	 cells	 can	 still	 induce	 tooth	 formation,	 indicating	 incompetency	 of	 3D	
cultured	cells	in	tooth	induction,	including	the	cell	population	in	quiescent	layer.	
Cell	death	in	spheres	is	related	to	their	sizes.	 	 A	necrotic	core	can	be	observed	in	








diameters	 of	 mouse	 embryonic	 dental	 mesenchymal	 cell	 spheroids	 generated	
from	u-bottomed	plates	 and	hanging	drops	were	 respectively	600-650	μm	and	






cultured	cells	may	not	be	sufficient	to	rescue	their	odontogenic	induction	ability.	 	 	 	
	
3D	cultured	dermal	papilla	passage	cells	induced	de	novo	hair	follicle	regeneration	
with	 22%	 of	 transcripts	 differentially	 expressed	 between	 intact	 papillae	 and	
passage	 cells	 restored	 (Higgins	 et	 al.,	 2013).	 On	 one	 hand,	 this	 suggests	 that	
inductive	 cells	 are	 not	 necessarily	 genetically	 identical	 to	 fresh	 cells,	 which	
supports	the	assumption	discussed	 in	Chapter	 III	 that	the	 inductivity	of	a	cell	 is	
measured	in	a	“spectrum”	rather	than	“all-or-nothing”	fashion.	On	the	other	hand,	
it	 indicates	 that	 fractional	 restoration	of	 inductive	 transcript	expression	cannot	
initiate	organogenesis	when	below	a	certain	threshold,	which	probably	explains	
why	 3D	 cultured	 embryonic	 tooth	 germ	passage	 cells	 failed	 in	 tooth	 induction	
although	with	some	up-regulated	odontogenic	genes	compared	with	2D	cultured	
controls.	 Although	 sharing	 similar	 development	 patterns	 of	 sequential	 and	
reciprocal	interactions	between	epithelium	and	mesenchyme,	hairs	naturally	grow	
in	 a	 regenerative	 manner	 in	 cycles	 of	 growth,	 rest,	 shedding,	 and	 regrowth;	
whereas	 teeth	 are	 not	 only	 more	 complex	 structures,	 but	 also	 restricted	 in	
Chapter	IV.	Microenvironmental	Modification	of	Cultured	Cells	
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replacement	 throughout	 lifetime,	 none	 in	 mice,	 none	 to	 once	 in	 humans.	 3D	
culture	may	partially	restore	the	tooth	inducing	capacity	which	may	favour	dental	
tissue	regeneration,	yet	inadequate	to	induce	de	novo	odontogenesis.	Based	on	
the	“inductivity	threshold”	assumption	mentioned	in	Chapter	 III	 (Table	III-3),	 to	
see	 if	 there	 is	partial	 restoration	of	odontogenic	 inductivity	 in	proliferated	cells	
after	3D	culture,	mix-cell	recombination	experiments	can	be	performed	with	cell	
mixtures	of	3D	cultured	cells	and	fresh	cells,	examining	if	3D	cultured	cells	require	







according	 to	 published	 conditions	 (Higgins	 et	 al.,	 2013,	 Pennock	 et	 al.,	 2015).	





co-culture	with	epithelium	using	96-well	 cell	 culture	 inserts.	Hanging	drops	are	
limited	in	volume	of	media	per	drop	and	fragile	to	external	force;	low	cell	binding	
surface	plates	 form	cell	 spheroids	with	 irregular	 size	and	 require	centrifuge	 for	
changing	media.	 	 	 	 	 	 	 	 	 	 	 	
	
It	 has	 not	 been	 examined	 in	 this	 research	 whether	 the	 outer	 layers	 of	 cell	
spheroids	proliferated.	However,	RNA	yield	difference	of	3D	and	2D	cultured	cells	













static	 culture	 due	 to	 the	 expanding	 necrotic	 cores.	 Therefore,	 the	 practical	
application	of	 future	optimized	3D	 culture	 system	 for	obtaining	 tooth	 inducing	







Adult	 pluripotent	 cells	 can	 be	 induced	 through	 additional	 supplement	 of	 small	
molecule	 compounds	 or	 recombinant	 proteins	 without	 introduction	 of	 direct	
genetic	 modifications	 (Zhou	 et	 al.,	 2009,	 Hou	 et	 al.,	 2013).	 Odontogenic	
differentiation	 of	 stem	 cells	 can	 be	 induced	 by	 replacement	 of	 normal	 culture	
media	with	tooth-cell-conditioned	media	(Liu	et	al.,	2013,	Ning	et	al.,	2010,	Li	et	
al.,	 2013a).	 These	 findings	 suggest	 that	 chemical	 alterations	 of	 culture	
microenvironment	play	a	crucial	role	in	cell	fate	determination.	 	
	
Transwell	 co-culture	 of	 tooth	 germ	 epithelium	 and	 mesenchymal	 cells	 can	 be	
considered	as	a	chemical	approach	for	microenvironmental	alteration.	Increased	
expression	 of	 odontogenic	 genes	 Pax9	 and	 Msx1	 in	 embryonic	 dental	





























reduction	 in	 epithelium	 secreted	 factors	 than	 mesenchymal	 factors	 in	 the	
environment.	In	addition,	the	dilution	effect	of	medium	on	diffusible	factors	may	
also	contribute	to	inadequacy	of	epithelial	responding	signals	which	may	be	the	






Non-dental	 epithelium	 can	 be	 induced	 to	 become	 odontogenic	 responding	
epithelium	when	combined	with	inductive	mesenchymal	cells	(Angelova	Volponi	
et	 al.,	 2013),	 suggesting	 that	 the	 odontogenic	 response	 of	 epithelium	 is	 not	
independent	 of	 the	 inducing	 signals	 from	 inductive	 mesenchymal	 cells.	 In	 the	




the	in	vivo	odontogenic	epithelial-mesenchymal	interactions.	 	 	 	 	 	 	
	
Mechanisms	of	the	community	effect	which	enabled	cultured	embryonic	dental	
mesenchymal	 cells	 rescued	 from	 failure	of	odontogenesis	by	presence	of	 fresh	
cells	 may	 include	 paracrine	 diffusible	 factors	 mediating	 heterotypic	 cell-cell	
interactions.	Theoretically,	the	2D	direct	co-culture	of	fresh	and	in	vitro	expanded	






























that	 2D	 culture-stimulated	 alterations	 were	 not	 eliminated	 through	 co-culture	
which	may	impede	the	restoration	of	odontogenic	induction	capacity.	 	 	 	
	
Regardless	of	3D	culture	models	or	co-culture	systems,	the	aim	is	to	reproduce	in	
vivo	 conditions	 that	 are	 favourable	 to	 the	 maintenance	 or	 restoration	 of	
odontogenic	 induction	 capacity	 of	 proliferating	 cells	 via	 in	 vitro	 manipulable	
approaches.	 Here	 the	 experimental	 designs	 oversimplified	 the	 variables	 during	
odontogenesis,	assuming	that	single	factor	could	determine	cell	fates.	However,	it	
is	 more	 likely	 that	 more	 than	 one	 determining	 factors	 are	 involved	 in	 tooth	
inducing	 ability	 restoration	 of	 cultured	 dental	 cells.	 Therefore,	 in	 addition	 to	
optimization	of	each	specific	approach,	a	combination	of	3D	culture	and	co-culture	
(Figure	 IV-18)	 with	 considerations	 of	 factor	 supplements	 and	 additional	





















Cells	 with	 identical	 genomes	 can	 present	 heterogeneity	 of	 phenotypes	 due	 to	
different	 gene	 expression	 patterns	 that	 can	 pass	 on	 to	 their	 daughter	 cells.	 In	





Stem	 cell	 based	 regenerative	 biology	 aims	 to	 revert	 differentiated	 cells	 into	
embryonic-like	 state	 with	 pluripotency.	 The	 best-known	 example	 is	 induced	
pluripotent	stem	(iPS)	cells	that	result	from	direct	cell	reprogramming	of	somatic	
cells	by	the	introduction	of	4	exogenous	factors	(Oct3/Oct4,	Sox2,	c-Myc	and	Klf4)	
(Takahashi	 and	 Yamanaka,	 2006).	 Dedifferentiation	 of	 mature	 cells	 to	 a	 less-
differentiated	stage	within	the	lineage	is	observed	in	natural	process,	such	as	heart	
regeneration	due	to	dedifferentiation	of	cardiomyocytes	in	Zebrafish(Poss	et	al.,	
2002).	 In	 mammals,	 FGF1	 stimulation	 and	 p38	 MAPK	 inhibition	 can	 induce	















tooth	 germ	 mesenchymal	 cells	 may	 be	 revealed	 by	 examination	 of	 gene	
expression	 changes	 induced	 by	 in	 vitro	 culture.	 However,	 drastic	 gene	
dysregulation	can	occur	during	cell	 culture	 (Zheng	et	al.,	2016b).	Since	 the	hair	
inducing	 ability	 of	 cultured	 dermal	 papilla	 was	 rescued	 by	 3D	 culture	 with	
restoration	of	22%	of	transcripts	differentially	expressed	between	intact	papillae	





To	 narrow	 down	 the	 range	 of	 key	 genes	 of	 tooth	 inducing	 ability,	 ideally,	




IV).	 However,	 in	 the	 experiment	 of	 2D	 direct	 co-culture	 of	 fresh	 and	 cultured	
mesenchymal	cells,	12	hour-cultured	cells	were	found	to	remain	the	odontogenic	
inductivity.	Alternatively,	 instead	of	 re-inductive	cells,	 retain-inductive	cells	 can	




Additionally,	 during	 tooth	 development,	 odontogenic	 inductivity	 initially	 lies	 in	
epithelium	 and	 then	 transfers	 to	 mesenchyme	 (Mina	 and	 Kollar,	 1987).	





is	 also	 named	 the	 mandibular	 process,	 where	 odontogenesis	 begins	 between	















can	maintain	 tooth	 inducing	 ability,	 CD1	 E14.5	 tooth	 germ	mesenchymal	 cells	
were	collected	at	24,	48	and	96	hours	after	being	plated	on	standard	2D	culture	
plates.	 Fresh	 cells	 and	 the	 24,	 48,	 96	 hour-cultured	 P0	 cells	 were	 tested	 for	















odontogenic	induction	ability.	 	 	 	
Mesenchymal	 cells	 adhered	 to	 and	 further	 stretched	 along	 the	 culture	 plate	
surface	 with	 increasing	 culture	 period.	 Cells	 cultured	 for	 24	 and	 48	 hours	








Cells	 morphologically	 transformed	 from	 spherical	 to	 flat	 and	 became	 more	
stretched	as	culture	duration	increased.	Fresh,	24h	and	48h	cultured	cells	were	















dental	 mesenchymal	 cells	 were	 obtained	 from	 RNA	 sequencing	 data	 with	 3	
replicates.	From	the	sample-to-sample	hierarchical	cluster	analysis	(Figure	V-3),	all	
the	samples	clustered	into	two	main	subsets:	fresh	(0h	cultured)	cells	and	cultured	
cells.	 In	 the	 cultured	 cell	 subsets,	 48h	 and	 96h	 cultured	 cells	 shared	 a	 higher	
correlation	than	that	with	24h	cultured	cells.	These	results	can	be	further	analyzed	
by	the	principle	component	analysis	(Figure	V-4).	Projected	points	of	fresh	cell	and	


























With	 the	 threshold	 of	 adjusted	 p	 value≤0.05	 and	 fold	 change≥2,	 lists	 of	
differentially	 expressed	 genes	 (DEGs)	 were	 generated	 between	 each	 pair	 of	
conditions	(0h	vs.	24h,	0h	vs.	48h,	0h	vs.	96h,	24h	vs.	48h,	24h	vs.	96h	and	48	vs.	
96h).	 Numbers	 of	 DEGs	 are	 presented	 in	 Table	 V-1.	 As	 shown	 in	 the	 stacked	







the	 subset	 “0h	 vs.	 24h”	 (respectively	 614+124	 and	 318+124),	 with	 124	 DEGs	
included	 in	all	3	subsets.	Some	DEGs	were	exclusively	 in	“24h	vs.	48h”	(336)	or	
“48h	vs.	96h”	(93).	Venn	diagram	between	DEG	sets	of	fresh	mesenchymal	cells	
and	 cultured	 cells	 with	 different	 culture	 durations	 (Figure	 V-7)	 shows	 that	







These	 results	 imply	 that	 the	 impact	 of	 in	 vitro	 culture	 on	 embryonic	 dental	
mesenchymal	 cells	mainly	 occurred	 immediately	within	 24	 hours.	 Some	of	 the	
impact	 existed	 throughout	 the	 culture	 periods.	 Prolonged	 culture	 induced	
















	 24h	 48h	 96h	
0h	vs.	 3996	 2033	 3746	 2118	 3589	 2242	
24h	vs.	 -	 374	 751	 781	 1696	






















































Cluster: 1 Size: 3828
Cluster: 2 Size: 1112
Cluster: 3 Size: 1269
Cluster: 4 Size: 689
Cluster: 5 Size: 461





























Figure	 V-13.	 Expression	 pattern	 of	
DEGs	in	cluster	4	and	6.	
The	 majority	 of	 DEGs	 (3828/8286)	
followed	 a	 “rapid	 decrease”	 pattern	





but	 in	 a	 gradient	 pattern	 throughout	
cell	culture.	
	
Cluster	 2	 and	 3	 were	 similar	 in	 size,	
genes	 in	 these	 clusters	 increased	
during	 cell	 culture.	 The	 expression	
level	 of	 DEGs	 in	 cluster	 3	 increased	
rapidly	 within	 24	 hours	 and	
















Since	 in	 reassociation	 assays,	 mesenchymal	 cells	 cultured	 for	 up	 to	 48	 hours	
succeeded	 in	 tooth	 induction,	 despite	 drastic	 changes	 in	 gene	 expression	
occurring	within	 24	 hours,	 these	 alterations	 did	 not	 impair	 the	 tooth	 inducing	
ability	of	cells.	Therefore,	genes	with	significant	changes	at	later	stages	are	the	key	







Signalling	 pathway	molecules	 and	 transcription	 factors	 are	 of	 great	 interest	 to	
provide	the	basis	for	direct	restoration	of	tooth	inducing	ability	of	cultured	cells.	 	
Statistical	overrepresentation	test	of	pathways	was	performed	on	DEGs	between	
24h	 and	 96h	 cultured	 cells	 through	 the	 PANTHER	 (Protein	 ANalysis	 THrough	
Evolutionary	 Relationships)	 classification	 system.	 With	 a	 filter	 of	 Bonferroni	




The	 up-	 and	 down-regulated	 DEGs	 of	 24h/48h	 vs.	 96h	 cultured	 cells	 were	























306	 56	 31.98	 +	 1.75	 1.05E-02	
Integrin	signalling	
pathway	(P00034)	





















Table	 V-3.	 DEGs	 encoding	 transcription	 factors,	 signalling	 molecules	 and	









































































































Table	 V-4.	 DEGs	 encoding	 transcription	 factors,	 signalling	 molecules	 and	























































































potentials,	 epithelium	 of	 the	 1st	 branchial	 arches	 (mandibular	 processes),	 was	
dissected	from	the	dental	areas	which	are	in	the	developing	oral	cavities	(Figure	
V-15).	 The	 rest	of	 the	1st	 arch	epithelium,	which	does	not	have	 tooth	 inducing	
potential,	 was	 collected	 with	 the	 2nd	 arch	 epithelium	 as	 the	 non-odontogenic	
epithelium.	For	convenience,	 the	odontogenic	and	non-odontogenic	epithelium	
are	respectively	referred	to	as	1st	and	2nd	arch	epithelium.	 	 	 	 	 	 	 	
	
Figure	V-15.	 Schematic	 representation	 of	 dissection	 of	 odontogenic	 and	 non-
odontogenic	branchial	arch	epithelium.	











evidently	 different	 between	 the	 odontogenic	 and	 non-odontogenic	 epithelial	
tissues.	
	
Differentially	 expressed	 genes	 (DEGs)	 were	 selected	 with	 the	 threshold	 of	




DEGs	 were	 analyzed	 through	 PANTHER	 classification	 system	 for	 statistical	




alpha	 and	 Go	 alpha	 mediated	 pathway	 and	 lonotropic	 glutamate	 receptor	
pathway	 (Table	 V-6).	 The	 up-	 and	 down-regulated	 DEGs	 were	 categorized	 by	










Figure	 V-16.	 Heat	 map	 of	 sample-sample	 correlation	 distances	 of	 E10.5	 1st	








































306	 28	 9.16	 +	 3.06	 5.18E-05	
Cadherin	signaling	
pathway	(P00012)	

































Ascl5,	 Barx1,	 Dlx1,	 Dlx2,	 Dlx3,	
Dmbx1,	Erg,	Esrrg,	Evx1,	Foxi3,	
Foxo1,	Irx1,	Lhx6,	Lmo1,	Lmo2,	
Msx1,	 Msx2,	 Nkx2-3,	 Otx1,	
Pitx1,	 Pitx2,	 Rorb,	 Runx1,	





Foxq1,	 Hcls1,	 Hoxa1,	 Hoxa2,	 Hoxa3,	
Hoxb1,	 Hoxb2,	 Hoxc5,	 Ikzf1,	 Ikzf3,	 Irf1,	
Irf5,	Irx2,	Irx4,	Mitf,	Nfkbiz,	Nkx2-5,	Nkx2-






Arhgdig,	 Bdnf,	 Bmp2,	 Bmp4,	
Bok,	Cd59a,	Dlk1,	Elmod1,	Erg,	
Fgf10,	Fgf15,	Fgf17,	Fgf8,	Fgf9,	




Arhgdib,	 Cx3cl1,	 Cxcl15,	 Ehf,	 Epgn,	 Ets1,	
Fgf14,	Gdnf,	Gpnmb,	Hbegf,	 Iapp,	 Icam1,	
Il2rg,	 Lgals7,	 Lgals9,	 Lif,	 Lifr,	 Mitf,	 Mstn,	
Nell1,	Pdzd2,	Plce1,	Pmel,	Sfrp1,	Sparcl1,	
Spry4,	 Tgfb3,	 Tgfbi,	 Trf,	 Upk1b,	Wnt10b,	
Wnt2	
Receptors	 (14)	
Aatk,	 Cd5,	 Chl1,	 Cnr1,	 Dlk1,	
Kera,	 Ntng2,	 Oprd1,	 Oprk1,	
Oxtr,	 Ptch2,	 Slitrk6,	 Tspan18,	
Unc5c	
(29)	
Adgre1,	 Adora2b,	 Adra2b,	 Adrb1,	 Adrb2,	
Alcam,	 Bmpr1b,	 Cd36,	 Eng,	 Glp2r,	 Gpr3,	





5.2.3	 Integration	 of	 gene	 profiles	 of	 inductive	 dental	 mesenchyme	 and	
epithelium	 	 	
The	two	sets	of	gene	expression	profiles	were	generated	from	different	cell	types,	
mesenchymal	 and	 epithelial	 cells.	 However,	 the	 comparisons	 were	 both	
performed	between	 inductive	 and	non-inductive	 cell	 populations.	Mutual	 gene	





mesenchymal	 0h	 vs.	 96h	 cultured	 cell	 DEG	 set	was	 replaced	with	 48h	 vs.	 96h	
subset	 (Figure	 V-21),	 and	Dlk1	 was	 the	 only	 gene	 of	 interest	 remained	 in	 the	
mutual	DEG	list.	The	mutual	DEGs	between	DEG	sets	of	1st	vs.	2nd	branchial	arch	
epithelium	 and	 24h/48h	 vs.	 96h	 cultured	 mesenchymal	 cells	 were	 further	






































































genes	 such	 as	Bmp4,	 Pax9,	Msx1,	 Lhx6,	 Lef1,	 Dlx1,	 Dlx2,	 Dlx3	 and	 some	 tooth	
development	related	genes	Pitx2,	p21,	Edar,	Axin2,	Barx1,	Dix1,	Dix2,	Gli1,	Gli2,	




Most	 of	 the	well-established	 odontogenic	 genes	were	 found	 in	 both	 DEG	 sets	
including	Bmp4,	Dlk1,	Dlx1,	Dlx2,	Dlx3,	Fat3,	Lhx6,	Msx1,	Pax9,	Pitx2,	Runx2,	Wif1.	
The	rest	were	mainly	included	only	in	the	mesenchymal	DEG	sets,	such	as	 	 	 Lef1,	
Sostdc1,	Dcc,	Edar,	Axin2,	Gli1,	Jag1,	Dach1	etc.	The	expression	patterns	of	genes	
of	interest	in	mesenchymal	and	epithelial	cells	are	shown	in	Figure	V-22.	Most	of	





































mesenchymal	cells	occurred	48-96	hours	after	the	cells	were	plated.	 	 	 	 	 	
	
Major	 impact	 of	 in	 vitro	 culture	 on	 the	 gene	 expression	 pattern	 of	 dental	
mesenchymal	cells	occurred	within	24	hours,	some	of	which	continued	to	exist	
throughout	 the	 culture	 period.	 Prolonged	 culture	 induced	 additional	 gene	
expression	 alterations	 with	 smaller	 scale	 than	 the	 changes	 occurred	 at	 the	




established	 odontogenic	 genes.	 Both	 comparisons	 revealed	 high	 correlation	 of	
odontogenic	induction	ability	with	Wnt	signalling	pathway.	 	 	
	
Narrowed-down	 comparison	 range	of	 culture	period	 to	 48h	 to	 96	h,	when	 the	
















mesenchymal	cells.	 In	other	words,	 in	addition	 to	 the	 initial	drastic	alterations,	





stages	 of	 culture	 (Figure	 V-23),	 most	 of	 the	 genes	 were	 only	 expressed	
differentially	at	the	stage	of	0h	to	24h	(Msx1,	Pax9,	Bmp4,	Dlx1,	Dlx3,	Fat3,	Pax9,	

















be	 summarized	 as	 “rapid	 decrease	 at	 the	 early	 stage”	 represented	 by	Msx1,	














a	 direct	 correlation	 with	 odontogenic	 inductivity	 in	 a	 possible	 “toggle	 switch”	
fashion.	Wif1-	and	Sostdc1-type	variation	trends	both	showed	continued	changes	
after	the	alterations	at	the	early	stage.	The	progressive	change	pattern	of	these	
genes	 may	 suggest	 an	 accumulating	 impact	 on	 odontogenic	 inductivity.	
Additionally,	 Sostdc1-type	 genes	 showed	 significant	 changes	 specifically	 at	 the	

















(Jansson	et	al.,	 2015).	Wnt	 ligand	protein	WNT3a	maintained	 the	hair	 inducing	
ability	of	cultured	dermal	papilla	(DP)	cells	(Kishimoto	et	al.,	2000),	but	impeded	
the	 maintenance	 of	 stemness	 of	 neural	 stem	 cells	 in	 culture,	 rather,	 WNT3a	
treatment	 promoted	 differentiation	 of	 neural	 stem	 cells	 into	 neuronal	 cells	
































































considered	as	a	representation	of	strong	correlation	with	odontogenic	inductivity.	 	 	 	
	
Since	 there	 were	 multiple	 time	 points,	 combinations	 of	 different	 comparison	
strategies	 were	 necessary	 for	 optimization	 of	 DEG	 selections.	 For	 instance,	
normalized	counts	of	Lhx6	in	each	time	point	were	presented	below	(Table	V-10).	
With	 the	 threshold	 of	 fold	 change>2,	 Lhx6	 would	 be	 considered	 to	 show	 no	
dysregulation	throughout	the	culture	since	the	fold	changes	of	Lhx6	between	0h	
vs.	24h,	24h	vs.	48h	and	48h	vs.	96h	were	around	1.5.	However,	when	compare	0h	
vs.	 96h,	 Lhx6	 can	 be	 selected	 as	DEG	with	 fold	 change	 of	 2.4.	DEGs	with	 such	
accumulating	impact	might	be	omitted	if	comparisons	simply	conducted	between	












	 0h	 24h	 48h	 96h	
Replicate	1	 8314.9	 6874.5	 5023.0	 3630.4	
Replicate	2	 10030.9	 7222.7	 5052.1	 3932.3	
Replicate	3	 10143.3	 7684.3	 4801.4	 4198.4	
Mean	 9496.4	 7260.5	 4958.8	 3920.4	
Fold	change	 0h	vs.	24h	 24h	vs.48h	 48h	vs.	96h	 0h	vs.	96h	
















dental	 clinics,	 artificial	 implants	 are	 not	 recommended	 when	 preservation	 of	
autologous	 tooth	 roots	 is	 possible	 even	 if	 complex	 surgeries	 such	 as	 root	
resections	 or	 separations	were	 required.	 Stem	 cell	 based	 tooth	 bioengineering	
aims	 to	 generate	 biological	 teeth	 through	 activation	 of	 odontogenic	 induction	
potential	of	dental	stem	cells.	 	
	














During	 development	 of	 mouse	 molar	 tooth	 germs,	 prior	 to	 E12.5,	 the	 molar	
epithelium	 recombined	 with	 non-dental	 mesenchyme,	 2nd	 branchial	 arch	
mesenchyme	can	induce	tooth	formation,	while	the	dental	mesenchyme	cannot.	








cells.	 In	 reassociations/recombinations	with	 responding	dental	epithelium,	with	
presence	of	 fresh	 tooth	 germ	mesenchymal	 cells,	 cultured	 cells	 participated	 in	
tooth	 formation	 and	 made	 considerable	 contributions	 (Chapter	 III).	
Microenvironmental	 modification	 of	 cultured	 mesenchymal	 cells	 utilizing	 3D	
culture	 and	 co-culture	 systems	 were	 attempted	 to	 restore	 their	 odontogenic	





population	 that	 maintained	 odontogenic	 inductivity.	 Global	 gene	 expression	
profiling	of	 fresh	mesenchymal	 cells	 and	 cells	 cultured	 for	 increasing	durations	
(24h,	48h,	96h)	showed	that	drastic	gene	expression	alterations	occurred	at	the	
beginning	 of	 cell	 culture	 with	 24	 hours.	 In	 combination	 with	 gene	 expression	




In	 reassociation	 assays	 with	 24h/48h-cultured	 mesenchymal	 cells,	 no	 evident	
differences	in	tooth	morphology	were	observed	comparing	with	fresh	cell	induced	
tooth	primordia,	despite	the	drastic	gene	expression	changes	between	short	term	
cultured	 and	 fresh	 mesenchymal	 cells,	 indicating	 cells	 with	 full	 odontogenic	
inductivity	are	not	necessarily	noncultured	cell	populations,	a	24h/48h-cultured-
cell-like	 gene	 expression	 pattern	 will	 be	 sufficient	 to	 restore	 odontogenic	
inductivity	 in	 cells	 cultured	 for	 prolonged	 durations.	 In	
reassociation/recombination	 assays	 with	 mixtures	 of	 fresh	 and	 cultured	
mesenchymal	cells,	generated	tooth	structures	were	similar	to	the	pure	fresh	cell	




whether	perform	heat	 inactivation	of	 FBS,	 various	 culture	medium	 recipes	etc.	
may	affect	the	decreasing	rate	of	the	odontogenic	inductivity	of	standard	cultured	
cells.	As	mentioned	in	Chapter	V	(5.3.3):	A	similar	study	was	performed	by	Zheng	
et	 al.	 (Zheng	 et	 al.,	 2016a)	where	 up	 to	 24	 hours	 in	 culture	 E14.5	 tooth	 germ	
mesenchymal	cells	maintained	tooth	inducing	ability,	whereas	48	hour-cultured	
cells	 can	 induce	 tooth	 formation	 in	 this	 research.	Moreover,	 there	 are	 several	
concerns	 about	 FBS	 safety	 in	 the	 production	 of	 human	 therapeutic	 products	
	 Chapter	VI.	General	Discussion	&	Future	Directions	
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To	 understand	 the	molecular	 basis	 of	 maintenance	 of	 odontogenic	 inductivity	
during	 in	 vitro	 cell	 proliferation,	 further	 analysis	 including	 optimization	 of	



































embryonic	mesenchymal	 cells	with	 proteins	 and/or	 small	molecule	 agonists	 or	
antagonists.	Successful	up	or	down	regulation	of	signalling	will	be	assayed	by	using	
qPCR	 for	 pathway	 downstream	 genes.	 Inductive	 ability	 will	 be	 assayed	 by	
recombination	 of	 cells	with	 non-inductive	 embryonic	 epithelial	 tissues.	 To	 test	
transcription	 factors,	 appropriate	 expression	 vectors	 will	 be	 constructed	 and	
transfected	 into	 cultured	 mesenchymal	 cells	 and	 stable	 lines	 generated.	





tooth	 inducing	 capacity	 in	 adult	 mesenchymal	 cells.	 Hypothesis	 is	 that	 tooth	
inducing	 capacity	 in	 dental	 pulp	 mesenchyme	 cells	 can	 be	 restored	 by	




alterations	 (3D	 culture,	 co-culture	 ect.),	 signalling	 pathway	 manipulations	 and	
transcription	factor	study	ect.	Inductive	capacity	will	be	assayed	in	recombinations	
with	mouse	non-inductive	embryonic	dental	epithelial	tissues	and	further	tested	
with	mouse/human	 adult	 non-dental	 epithelial	 cells,	 such	 as	 gingival	 epithelial	
cells.	 Finally,	 tooth	 primordia	 bioengineered	 entirely	 from	 human	 adult	 cell	
populations	will	be	transplanted	 into	the	oral	cavities	of	 immune-compromised	
mice.
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Research Reports: Biomaterials & Bioengineering
Introduction
Whole tooth bioengineering has long been a goal of regenera-
tive dentistry that, despite some recent progress, still has a 
number of difficult challenges to overcome. Tissue recombina-
tion experiments demonstrated sequential signaling between 
dental epithelium and mesenchyme (Mina and Kollar 1987; 
Lumsden 1988). This was followed by experiments that 
showed the ability of embryonic tooth germ cells to reaggre-
gate following dissociation and form teeth (Yamamoto et al. 
2003) and has since been used as a model to explore whole 
tooth bioengineering (Nakao et al. 2007; Nait Lechguer et al. 
2008; Ikeda et al. 2009; Oshima et al. 2011). Thus, epithelium 
and mesenchyme tissues from E14.5- to E12.5-stage mouse 
tooth germs can be separated and the cells dissociated and 
recombined to form normal teeth. The reciprocal tissue induc-
tion that takes place during the early stages of tooth develop-
ment, whereby the epithelium first induces tooth formation in 
the mesenchyme followed by a reciprocal induction from mes-
enchyme to epithelium, has been utilized to suggest a basis for 
whole tooth bioengineering that could employ adult cells 
(Jernvall and Thesleff 2000; Tucker and Sharpe 2004; Zhang et 
al. 2005). Thus, when mesenchyme cells derived from adult 
bone marrow are combined with inductive-stage embryonic 
dental epithelium, tooth formation is induced, and the adult 
mesenchymal cells respond and fully contribute to tooth devel-
opment (Ohazama et al. 2004). To date, the only cells that have 
been shown to be capable of tooth-inductive capacity are 
embryonic cells (epithelium or mesenchyme) isolated from 
tooth germs (Ohazama et al. 2004; Angelova Volponi et al. 
2013). Furthermore, in all experiments reported to date, the 
inductive cells, whether epithelial or mesenchymal, do not 
retain their inductive capacity following in vitro expansion 
(Zheng et al. 2016). This thus poses a major problem in tooth 
bioengineering. Clearly, the use of fresh (uncultured) embry-
onic tooth germ cells is not feasible in any clinical context. 
Generation of cell lines from embryonic inductive cells is also 
not feasible, since these cells lose their inductive capacity, in 
addition to any issues that use of such allogeneic cells may 
have for generation of nonessential organs such as teeth.
Adult cell populations have been shown to be capable of 
forming bioengineered teeth as recipient cells combined with 
inductive embryonic cell populations (Duailibi et al. 2004; 
Takahashi et al. 2010). Thus, as stated above, adult bone 
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Abstract
In vitro expanded cell populations can contribute to bioengineered tooth formation but only as cells that respond to tooth-inductive 
signals. Since the success of whole tooth bioengineering is predicated on the availability of large numbers of cells, in vitro cell expansion 
of tooth-inducing cell populations is an essential requirement for further development of this approach. We set out to investigate if 
the failure of cultured mesenchyme cells to form bioengineered teeth might be rescued by the presence of uncultured cells. To test 
this, we deployed a cell-mixing approach to evaluate the contributions of cell populations to bioengineered tooth formation. Using 
genetically labeled cells, we are able to identify the formation of tooth pulp cells and odontoblasts in bioengineered teeth. We show that 
although cultured embryonic dental mesenchyme cells are unable to induce tooth formation, they can contribute to tooth induction 
and formation if combined with noncultured cells. Moreover, we show that teeth can form from cell mixtures that include embryonic 
cells and populations of postnatal dental pulp cells; however, these cells are unable to contribute to the formation of pulp cells or 
odontoblasts, and at ratios of 1:1, they inhibit tooth formation. These results indicate that although in vitro cell expansion of embryonic 
tooth mesenchymal cells renders them unable to induce tooth formation, they do not lose their ability to contribute to tooth formation 
and differentiate into odontoblasts. Postnatal pulp cells, however, lose all tooth-inducing and tooth-forming capacity following in vitro 
expansion, and at ratios >1:3 postnatal:embryonic cells, they inhibit the ability of embryonic dental mesenchyme cells to induce tooth 
formation.
Keywords: odontogenic capacity, tooth inducing cells, in vitro expansion, postnatal dental pulp cells, mixed cell recombination, root 
formation
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marrow mesenchymal cells can do this (Ohazama et al. 2004), 
as can adult gingival epithelial cells (Angelova Volponi et al. 
2013). The challenge, therefore, is to identify adult cell popula-
tions that can be expanded in large numbers, ideally as autolo-
gous cells where one population, either mesenchyme or 
epithelium, has tooth-inducing capacity.
The rapid loss of tooth-inducing capacity by embryonic 
tooth germ cells, when expanded in vitro, is not understood, 
and as a way of beginning to understand this process, we inves-
tigated whether this ability might be rescued by embryonic 
cells. We found that uncultured embryonic tooth germ mesen-
chymal cells were able to rescue cultured cells and enable them 
to fully participate into bioengineered tooth development, 
forming pulp cells and odontoblasts. However, this rescue 
effect was not observed with postnatal dental pulp mesen-
chyme cells, despite these being of the same developmental 
origin as the embryonic cells. The rescue of cultured cells by 
the presence of fresh cells shows characteristics of the com-
munity effect identified during embryonic development as a 
process that enables mixtures of different cells to differentiate 
along the same pathway.
Materials and Methods
Experimental Mouse Strains
To trace the origins of the cells contributing to the tooth pri-
mordia formation in epithelium-mesenchyme recombination 
experiments, 3 strains of mice were used: wild-type mice (CD1 
mice), transgenic mice expressing green fluorescent protein 
(GFP mice), and transgenic mice expressing membrane-targeted 
red fluorescent protein (tandem dimer Tomato) prior to Cre 
recombinase exposure (mTmG mice). All animal procedures 
conformed to the Animal Research: Reporting of In Vivo 
Experiments (ARRIVE) guidelines and in accordance with UK 
Home Office regulations.
Isolation of Embryonic Dental Epithelium  
and Mesenchymal Cells
Intact bilateral molar tooth germs were dissected from E12.5 
(for epithelial tissue) and E14.5 (for mesenchymal embryonic 
cells) mouse embryos, utilizing sterile fine needles in 
Leibovitz’s L-15 medium (21083-027; Gibco). After being 
trimmed from the surrounding tissue, tooth germs were trans-
ferred into 1.2 U/mL of Dispase and incubated at 37 °C for 40 min. 
After being washed in L-15 medium, epithelium and mesen-
chyme of the tooth germs were mechanically separated with 
fine needles. The embryonic mesenchymal cells were obtained 
by digesting the isolated mesenchymal tissue with Trypsin 
(TrypLE Express) and used as fresh (dissociated) cells from 
wild-type (CD1) mice or cultured from GFP (green) mice and 
recombined with epithelial tissue (mTmG mice). The embry-
onic dental mesenchymal cells were resuspended in complete 
alpha-minimum essential medium (BE02-002F; BioWhittaker) 
with 15% fetal bovine serum (10270-106; Gibco), 1% antibiotic-
antimycotic (15240-062; Gibco), and 0.1mM L-ascorbic acid 
(49752; Sigma-Aldrich); plated in 6-well cell culture plates or 
75-cm2 cell culture flasks (CELLSTAR); and then incubated at 
37 °C, 5% carbon dioxide, for 7 d. The embryonic mesenchy-
mal cells were used at P0 (passage 0).
Postnatal dental pulp cells were obtained from molars of 
GFP (green) mice pups (7 d old). Postnatal molar pulp pieces 
were digested in a mixture of enzymes containing 2 mg/mL of 
Collagenase D (Roche) and 120 U/mL of Dispase (Roche) in 
phosphate-buffered saline (PBS) for 50 min, blocked with 
complete alpha-minimum essential medium, and filtered 
through a 70-µm cell strainer (352350; BD Falcon) to obtain a 
uniform single-cell suspension. These cells were cultured in a 
6-well plate at a density of 1.2 to 1.5 × 105 cells/well. Medium 
was changed every 2 to 3 d, and passaging was performed 
when the cells were 70% confluent. These cells were used in 
recombination experiments with E12.5 embryonic tooth germ 
epithelium at P1 (passage 1).
Recombination of Epithelium and Mesenchymal 
Cells
Recombinations were carried out as previously described 
(Angelova Volponi et al. 2013). Briefly, mesenchymal cells 
(2 × 105) were centrifuged in a polymerase chain reaction tube 
(0.2 mL; STARLAB) to form a pellet and then injected on the 
top of 4 to 5 pieces of isolated E12.5 uncultured epithelium tis-
sue with sharpened fine pipette tips (20 µL; GELoader) in a 
25-µL gel drop of Cellmatrix Type I-A (Nitta Gelatin) and placed 
on a cell culture insert (4.0-µm pore size; BD). The recombina-
tion was cultured for 9 to 11 d on the cell culture insert contain-
ing 1.5 mL/well of complete alpha-minimum essential medium.
Renal Transfers
The surgical transfer of tissue explants (recombinations) into 
renal capsules was performed as previously described 
(Angelova Volponi et al. 2013). Samples were scanned with a 
Skyscan 1272 Bruker micro–computed tomography (micro-
CT) and analyzed with Microview software (GE).
Imaging
Recombination samples were fixed in 4% paraformaldehyde for 
20 min, washed 3 times for 5 min in 1× PBS, and mounted on slides 
via mounting medium with DAPI (H-1200; VECTASHIELD).
Coverslips on top of the specimen were sealed around the 
perimeter with nail polish. Fluorescent tomography scans were 
performed on processed samples with a z-stack imaging pro-
gram on a confocal microscope (Leica TCS SP5).
Results
Cell Mixing of Embryonic Tooth Germ Cells
To develop a foolproof experimental protocol that could be 
used to test the contribution of mesenchymal cell populations 
to bioengineered tooth formation, we utilized genetically 
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marked mouse lines to follow cell fates. Since mesenchymal 
cell contamination is commonly observed following physical 
separation of embryonic dental epithelium from developing 
tooth germs, we used isolated epithelium at the E12.5 embry-
onic stage from a mouse reporter (mTmG mice) line where all 
cells are marked red, with fresh (dissociated) cells of wild-type 
mice (CD1, no fluorescent expression) and with cultured 
embryonic mesenchymal cells from transgenic mice express-
ing GFP (Fig. 1). In this way, any contamination with mesen-
chymal cells could be easily detected. We used a GFP reporter 
line for the isolation of mesenchymal cells whose fates were to 
be followed during bioengineered tooth formation, and we 
combined these with wild-type, uncultured mesenchymal cells.
We first verified the methodology by recombining fresh, 
dissociated (uncultured) E14.5 dental mesenchymal cells with 
E12.5 fresh epithelial tissue. In this recombination, the epithe-
lial cells have not yet received inductive cells; thus, the mesen-
chymal cells are expected to induce tooth formation in the 
epithelial tissue. As expected, tooth germs were observed in 
100% of the recombination experiments (Appendix Table). To 
determine if cultured embryonic E14.5 tooth mesenchyme cells 
could induce tooth formation, we combined GFP-positive 
(green) cells with E12.5 tooth germ epithelium, and in these 
combinations, no tooth germs were observed (n = 11; Appendix 
Table, Appendix Fig. 2B).
We next set out to investigate if the presence of uncultured 
E14.5 mesenchyme cells with cultured cells was sufficient to 
enable the cultured cells to participate in tooth formation. 
E14.5 cultured mesenchyme cells were mixed with fresh 
(dissociated) wild-type cells of E14.5 
embryos in different ratios (Appendix 
Table). The mixtures of cells were 
recombined with embryonic epithelial 
tissue at stage E12.5 from mTmG mice, 
a reporter line where all cells are 
marked red. After 11 d in culture, we 
observed tooth germ formation in the 
experiments where the cultured embry-
onic mesenchymal cells constituted 
10%, 50%, and 75% of the mesenchy-
mal cell mixture (Appendix Table; Fig. 
2), with clear participation of the cul-
tured cells to the tooth pulp (Fig. 2A2, 
B2, C2). Cultured cells were also 
clearly visible (GFP positive, green) 
adjacent to epithelium, exhibiting an 
elongated appearance characteristic of 
odontoblasts (Fig. 2A3, B3, C3). When 
the embryonic mesenchymal cultured 
cells constituted 90% of the cells used 
in the mixture with 10% uncultured 
(fresh) cells, no formation of tooth 
germs was observed (n = 10; Appendix 
Table; Fig. 4A). Although there was 
variation in the numbers of GFP-
positive cells observed in the tooth 
germs within a single experiment, there 
was a consistent general trend of increased cultured cell contri-
bution with increased cell number. Significant variation in 
tooth germ shape was also observed in all recombinations 
regardless of the ratio of fresh:cultured cells. This is a usual 
phenomenon that we observe with this form of recombinations, 
and it is illustrated in Appendix Figure 3.
To study if the mixtures of cultured and fresh tooth cells 
could develop further to the mineralization stages and initiate 
root development, subcapsular transplantations of toothlike 
structures/tooth primordia in mouse kidney were performed. 
After 9 d of in vitro culture, toothlike structures/tooth primor-
dia—formed in recombinations with cell mixtures consisting of 
75% cultured GFP and 25% fresh CD1 E14.5 molar germ mes-
enchymal cells and mTmG E12.5 molar germ epithelial tissue—
were transplanted under kidney capsules of adult (4 to 6 wk) 
CD1 mouse hosts. The host mice were sacrificed after 4 wk, and 
the implants were separated from the kidney capsules and fixed 
in 4% paraformaldehyde in PBS overnight at 4 °C. After being 
washed with PBS, specimens were scanned by a Skyscan 1272 
Bruker micro-CT scanner. The specimens were scanned to pro-
duce 6.5-µm-voxel-size volumes, with an x-ray tube voltage of 
80 kVp and a tube current of 125 µA. An aluminum filter (0.05 
mm) was used to adjust the energy distribution of the x-ray 
source. The specimens were characterized further by 3-dimen-
sional slice volumes, generated and measured with Microview 
software (GE). After micro-CT scan, specimens were embedded 
and mounted on slides for confocal fluorescent tomography 
scans, as in the procedure described in the “Imaging” section for 
recombination samples (Appendix Fig. 4, 5).
Figure 1. Schematic representation of recombinations through cell mixtures. (A) Cell culture: in 
vitro expansion of green fluorescent protein (GFP) mouse E14.5 molar tooth germ mesenchymal 
cells or PN7 molar pulp cells. (B) Cell mixing: cultured GFP cells (either E14.5 mesenchymal cells 
or PN7 pulp cells) were mixed with noncultured (fresh) CD1 E14.5 molar tooth germ mesenchymal 
cells at different ratios (cultured:fresh = 1:9, 1:3, 1:1, 3:1, 9:1). (C) Recombination: mixtures of 
cultured GFP cells and noncultured CD1 cells recombined with mTmG mouse E12.5 molar tooth 
germ epithelial tissue in vitro for 9 to 11 d. mes, mesenchyme; epi, epithelium.
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Cell Mixing of Postnatal Dental 
Pulp Cells
Postnatal dental pulp cells were isolated 
from molars of 7-d-old transgenic mice 
expressing GFP and expanded in cul-
ture for 10 d (passaged once; P1) prior 
to mixing with embryonic mesenchy-
mal dissociated cells, and then the cell 
mixtures were recombined with epithe-
lium (E12.5) of mTmG mice. Mixtures 
of 25%, 50%, and 100% of cultured 
postnatal dental pulp cells with nonla-
beled (wild-type CD1 mice) dissociated 
embryonic mesenchymal cells 
(Appendix Table) were combined with 
E12.5 epithelium. After 11 d of culture, 
tooth germ formation was observed in 
the mixtures of 25% of cultured dental 
pulp cells (Fig. 3). Although a few indi-
vidual cultured dental pulp cells could 
be seen in 25% mixtures (Fig. 3B–D), 
they did not contribute to tooth germ 
formation, and the majority of postnatal 
cells were excluded from the teeth 
formed in recombinations (Fig. 3A2). 
No tooth germ formation was observed 
in the mixture containing ≥50% cul-
tured cells (Fig. 4B).
These results suggested that the 
presence of postnatal mesenchyme 
cells is inhibiting the ability of embry-
onic cells to induce tooth formation. An 
alternative explanation is that, since the 
postnatal cells are noninductive, the 
embryonic cells are the only inductive 
cells in the mixture, and their number 
may be below the threshold for induc-
tion. We thus repeated the 50% cul-
tured postnatal cell mixture with 4 times the number of cells (4 
× 105 embryonic and 4 × 105 postnatal cells). Since we know 
that the 75% cultured embryonic cell experiments (0.5 × 105 
fresh and 1.5 × 105 cultured embryonic cells) can induce tooth 
formation (Fig. 2C), 4 × 105 fresh embryonic cells should be 
sufficient for induction. No tooth germ formation was observed 
with these increased cell numbers, suggesting that the postnatal 
cells are indeed inhibiting the tooth-inducing capacity of 
embryonic cells.
Discussion
The ability to reproduce embryonic tooth formation from com-
binations of dissociated cells in vitro forms a general concept 
for bioengineered tooth formation. In all such cell combina-
tions, one of the cell populations, either epithelium or mesen-
chyme, needs to have tooth-inducing capacity. Thus, for 
example, embryonic tooth epithelium isolated from an embry-
onic stage where it is inductive can induce nondental cells, such 
as bone marrow stromal cells, to form teeth (Ohazama et al. 
2004). Similarly, embryonic tooth mesenchymal cells from an 
inductive embryonic stage can induce formation in nondental 
epithelium from adult gingiva (Angelova Volponi et al. 2013). 
Since cells isolated from midgestation embryos are not usable 
in a clinical context, alternative inductive cell populations are 
required that can ideally be isolated from adult tissues and 
expanded in vitro to provide sufficient cell numbers. However, 
even embryonic tooth-inducing cells rapidly lose the inductive 
capacity following expansion in vitro, and until the basis for 
this loss is understood, further realistic progress toward a clini-
cally usable bioengineered tooth system is not possible.
The use of a recombination of dissociated cells as an assay 
for cell-inductive capacity in organ formation relies on the abil-
ity to obtain populations of epithelial and mesenchymal cells 
Figure 2. Recombinations of mTmG E12.5 molar germ epithelial tissue (red) and mixtures of 
cultured green fluorescent protein (GFP) molar tooth germ mesenchymal cells (green) and CD1 
wild-type (nonlabeled) tooth germ dissociated cells: (A) 10% cultured GFP (green) and 90% fresh 
CD1 E14.5 molar germ mesenchymal cells, (B) 50% cultured GFP and 50% fresh CD1 E14.5 molar 
germ mesenchymal cells, (C) 75% cultured GFP and 25% fresh CD1 E14.5 molar germ mesenchymal 
cells. Toothlike structures formed in recombinations with cell mixtures consisting of no more than 
75% cultured E14.5 tooth germ mesenchymal cells (A1, B1, C1: bright field). Green (GFP+) cells 
could be seen adjacent to the epithelium (A2, B2, C2), exhibiting an elongated appearance (A3, B3, 
C3). Scale bars: 250 µm (A1-2, B1-2, C1-2); 100 µm (A3, B3, C3).
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that are not cross-contaminated. Since 
cells proliferate in ex vivo tissue recom-
binations/reassociations, contamination 
of one population with even a small 
number of cells of the other population 
could lead to misleading results. We 
validated our cell dissociation method-
ology by using genetically labeled cell 
populations that can be easily distin-
guished by fluorescent markers.
The formation of tooth primordia 
from dissociated embryonic tooth epithe-
lial and mesenchymal cells has been 
reported to require a minimum of 13.5 ± 
0.5 × 104 mesenchymal cells when 
recombined with epithelial cells (Nait 
Lechguer et al. 2008). We have also 
observed a minimum cell number require-
ment of 15.2 ± 0.5 × 104 mesenchymal cells 
in our recombination experiments. In our 
cell-mixing experiments with cultured 
embryonic mesenchyme cells, we used a 
total mesenchyme cell number of 2.0 × 
105. Tooth formation was observed with 
inductive mesenchyme cell numbers 
ranging from 5 × 104 to 1.8 × 105 in the mixture. Thus, in the mix-
ture containing 5 × 104 (25%) inductive mesenchyme cells with 
1.5 × 105 (75%) cultured cells, there are insufficient inductive 
cells alone for tooth formation. This suggests that the cultured 
cells are likely to be actively participating in tooth induction.
If current methods are to be used in any therapeutic context 
to generate bioengineered human teeth, the cell numbers needed 
will have to be obtained from in vitro cell expansion. However, 
it has been established that culture of inductive embryonic tooth 
primordia cells results in a rapid loss of inductive capacity 
(Zheng et al. 2016). In vitro cell expansion does not affect the 
ability of either epithelial or mesenchymal cells to participate in 
tooth formation; thus, obtaining sufficient cell numbers of a 
recipient cell population does not present a problem for bioen-
gineering (Ohazama et al. 2004; Angelova Volponi et al. 2013).
During embryonic development, a process called the “com-
munity effect” can act to allow heterogeneous cell populations 
to differentiate down a common pathway by cells interacting 
with their immediate neighbors (Gurdon et al. 1993). To begin 
to understand the cellular basis for this rapid loss in inductive 
capacity in cell culture, we set out to investigate if an artifi-
cially generated community effect whereby inductive tooth 
mesenchymal cells (i.e., uncultured embryonic cells) might 
rescue the loss-inductive capacity following expansion in 
vitro. We showed that as few as 25% inductive tooth mesen-
chyme cells, when mixed with noninductive tooth mesen-
chyme cells, were sufficient to induce tooth formation and, for 
the noninductive cells, to fully participate in tooth formation, 
including differentiation into odontoblasts. At proportions 
≥90% of noninductive cells, no tooth formation was observed. 
This observation is consistent with mathematical models of the 
Figure 4. Failure of tooth formation in recombinations with cell 
mixtures consisting of 90% cultured E14.5 tooth germ mesenchymal 
cells or 50% cultured PN7 pulp cells. (A) Cystlike structures rather 
than teeth were formed in recombinations of mTmG E12.5 molar 
germ epithelial tissue (red) and 90% cultured green fluorescent protein 
(GFP) E14.5 molar germ mesenchymal cells (green) and 10% fresh CD1 
E14.5 molar germ mesenchymal cells (nonlabeled), shown in bright field 
(A1) and confocal scan (A2). (B) 50% cultured GFP PN7 molar pulp 
cells (green) and 50% fresh CD1 E14.5 molar germ mesenchymal cells 
(nonlabeled) failed to form toothlike structures, shown in bright field 
(B1) and confocal scan (B2). Scale bar: 250 µm.
Figure 3. Toothlike structures formed in recombinations with cell mixtures consisting of 25% 
cultured green fluorescent protein–positive (GFP+) postnatal (PN7) molar pulp cells. (A) In 
recombinations of mTmG E12.5 molar germ epithelial tissue (red) and 25% cultured GFP PN7 molar 
pulp cells (green) and 75% fresh wild-type (CD1) E14.5 molar germ mesenchymal cells (nonlabeled), 
toothlike structures were formed after 11 d in vitro (A1), and the majority of postnatal cells (green) 
were excluded from the toothlike structures (A2). Few cultured GFP+ (green) cells could be seen 
inside the tooth primordia (B–D). Scale bars: 250 µm (A, B, C), 100 µm (D).
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community effect that show that cell density must be above a 
critical threshold for the effect to occur (Saka et al. 2011). The 
embryonic community effect is most often described in terms 
of cell signaling regulating transcription to generate cell homo-
geneity (Gurdon et al. 1993). Implicit in this is the assumption 
that all cells in the community express common signaling 
receptors; thus, we assume that the most likely cause of the loss 
in tooth-inductive capacity is the loss of cell signal secretion 
rather than loss of receptors.
Dental pulp cells of adult teeth can be easily cultured in vitro 
as heterogeneous populations that contain cells with stem cell–
like properties (Gronthos et al. 2000; Gronthos et al. 2002; 
d’Aquino et al. 2007; Jo et al. 2007; Huang et al. 2009; Koyama 
et al. 2009; Waddington et al. 2009; Balic et al. 2010; Volponi 
and Sharpe 2013). These cells have the same embryonic origin 
(cranial neural crest) as tooth primordia mesenchyme cells and 
are thus candidates for cells that might be used in tooth bioengi-
neering. We therefore investigated whether postnatal tooth pulp 
cells are able to participate in the community effect provided by 
embryonic inductive cells. Proportions of postnatal pulp cells 
>25% in mixtures with inductive mesenchyme cells failed to 
form teeth. At ≤25%, although teeth formed, there was no con-
tribution of postnatal cells to tooth formation. Tooth formation 
failure occurred with an inductive cell number of 1.0 × 105 
(50%) that, in the absence of any postnatal cells in the mixture, 
is sufficient to induce tooth formation. We increased this number 
to 4.0 × 105 cells and still failed to observe any tooth formation 
when mixed with an equal number of postnatal pulp cells. The 
presence of adult tooth pulp cells thus appears to inhibit the abil-
ity of embryonic cells to induce tooth formation. Although this 
could be a simple dilution effect, we believe that this is unlikely, 
since even with increased numbers of inductive cells, there was 
still no evidence of tooth formation. Why postnatal pulp cells 
should have this effect is not currently understood. Adult mesen-
chyme cells are able to fully participate in bioengineered tooth 
formation as recipient cells for epithelial inductive signals, and 
so the inhibition of tooth formation that we observed in the mix-
tures is most likely prevention of inductive signals from the 
embryonic mesenchyme. One possible mechanism may be the 
secretion of signaling inhibitors by the postnatal pulp cells. 
Understanding the molecular basis of this phenomenon is impor-
tant for future progress in tooth bioengineering.
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